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ABSTRACT 


-Induced  fluorescence  (LIF)  can  be  used  Co  measure  Che  atomic, 
diatomic,  and  triatomic  free  radicals  Chat  are  Che  intermediates  in  combustion 
chemistry.  Coupled  with  detailed  models,  which  Incorporate  a  sound  and 
consistent  set  of  reaction  rate  constants,  such  measurements  can  lead  to  an 
understanding  of  that  chemistry,  having  predictive  value  for  use  under  experi¬ 
mentally  difficult  conditions. 

This  report  describes  the  development  of  LIF  techniques,  the  applications 
of  such  techniques  to  flames  and  to  laser  pyrolysis/laser  fluorescence 
kinetics  experiments,  studies  of  rate  constant  estimations  and  detailed 
modeling  of  combustion  chemistry.  The  chemistry  studied  is  that  of  combusting 
mixtures  of  CH^O/tfJO,  CH^O/NOj,  and  related  compounds.  These  contain 

the  chemical  networks.  Individual  reactions,  and  radical  species  present  In 
the  gas-phase  combustion  of  nltrsmine  propellants,  such  as  HMX  and  RDK. 

The  tasks  described  are  LIF  diagnostic  studies  on  0,  N,  OH,  NCO,  and  NH^ 
In  flow  systems  and  flames,  rate  constant  estimation  studies  for  unimolecular 
decomposition  of  Ctf^O  and  several  hydrocarbons,  modelling  of  the  CH^O/N^O 
flame,  and  laser  pyrolyals/laser  fluorescence  studies  of  CH^/N^O  and  cri^O/N^O 
chemistry 
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I  INTRODUCTION 

A  knowledge  of  Che  detailed  chemistry  Chat  occurs  in  a  combustion  process 
can  be  useful  in  several  ways  in  describing  the  behavior  of  an  overall  system 
that  Includes  that  combustion.  First,  knowledge  of  the  chemistry  allows 
control  of  those  aspects  where  the  chemical  kinetics  Itself  can  dominate 
(e.g.,  in  Ignition  processes).  Second,  such  knowledge  allows  understanding  of 
the  effects  of  additives  or  modifiers  on  the  combustion  process.  Third,  an 
observable,  that  is  readily  measured  in  a  complex  system  (e.g.,  the  emission 
of  light  in  some  wavelength  region  as  a  function  of  time)  can  be  related  to 
the  behavior  and  progress  of  the  overall  process. 

To  understand  the  details  of  the  combustion  chemistry  on  a  microscopic 
basis,  it  is  necessary  to  measure  and  relate  to  each  other  the  concentrations 
of  the  free  radical  Intermediates  that  are  formed  and  converted  during  the 
reaction  network.  The  method  of  laser-induced  fluorescence  (LZF)  is  the 
member  of  the  family  of  laser  spectroscopic  probe  methods* best  suited  for 
measuring  those  free  radical  intermediates.  Nonintruslve,  possessing  high 
sensitivity  and  selectivity,  and  furnishing  excellent  spatial  and  temporal 
resolution,  LIF  can  be  used  to  detect  some  30  atomic,  diatomic,  and  triatomic 
combustion  chemical  intermediates.  When  LIF  is  coupled  with  comprehensive 
computer  models  of  the  chemical  networks  and  methods  to  measure  or  estimate 
accurately  the  pertinent  reaction  rate  constants,  these  transient  species  can 
be  determined  and,  in  turn,  greatly  further  our  understanding  of  the  detailed 
chemical  pathways.  Such  a  coupling  can  be  performed  for  flames  themselves,  or 

for  other  systems,  such  as  our  recently  developed  laser  pyrolysis/laser 

* 

fluorescence  (LP/LF)  experiment,  designed  to  probe  combustion  chemistry  under 
less  complex  conditions  than  those  found  in  flames. 

During  the  past  three  years,  we  have  studied,  under  Army  Research  Office 
support,  the  development  and  use  of  LIF  methods  and  the  formulation  of 
chemical  models  and  rate  constant  estimation  techniques  for  flames  containing 
the  chemistry  expected  to  be  present  in  the  gas-phase  combustion  of  nitramlne 
propellants.  Particular  focus  has  been  on  flames  of  CH^/^O  and  CI^O/^0* 


A  key  initial  finding  on  this  project  was  the  first  observation,  using 
LIP,  of  ground-state  NH  radicals  in  CH^/NjO  flames.  Their  presence  in 
significant  quantity  raised  for  the  first  time  important  questions  concerning 
the  participation  of  nitrogen-containing  radicals  in  the  chemistry  of  such 
flames.  These  radicals  may  be  even  more  important  in  the  nitramines  them¬ 
selves,  which  as  monopropellants  are  heavily  fuel-rich.  The  detection  of 
nitrogen-containing  radicals  in  CH^/NjO  flames  was  refined  and  extended  in 
burner  experiments  at  the  Ballistic  Research  Laboratory  (BRL),  where  copious 
quantities  of  NCO,  CN,  and  NH  were  found  in  these  flames  using  LIF.  The 
research  on  the  SRI  project  has  emphasized  the  development  of  LIF 
spectroscopic  methods,  Che  use  of  the  LP/LF  technique,  and  modeling  studies  of 
the  possible  flame  chemistry. 

In  the  following  sections,  we  describe  first  some  aspects  of  nitramine 
chemistry,  indicating  the  potential  importance  of  the  reactions  and  species  to 
be  studied,  together  with  comments  on  how  the  laser  probes  and  chemical  models 
might  be  used  to  infer  some  understanding  about  the  experimentally  difficult 
problem  of  actual  nitramine  combustion.  Then  we  detail  the  progress  that  has 
been  made  during  this  project,  its  significance  for  nitramine  combustion,  and 
its  links  to  Army  Laboratory  programs  addressing  this  topic. 


II  NITRAMINE  COMBUSTION  CHEMISTRY 


The  class  of  propellants  known  as  nitr amines  (cyclic  nitroorganlc  com¬ 
pounds,  especially  HMX  and  RDX)  possesses  a  number  of  desirable  properties, 
such  as  high  energy  release  coupled  with  low  vulnerability.  However,  they 
also  have  disadvantages,  including  low  burn  rate  and  breaks  in  the  slopes  of 
the  curves  of  burn  rate  versus  pressure.  Ideally,  through  the  addition  of 
modifiers,  these  characteristics  can  be  altered  to  minimize  the  undesirable 
behavior  while  not  degrading  the  good  qualities  of  the  propellants. 

The  mechanisms  by  which  the  modifiers  act,  or  the  propellants  themselves 
ignite  and  burn,  are  not  at  all  well  understood.  Part  of  the  problem  Is  the 
high  pressure  and  hostile  environment  under  which  actual  propellants  burn, 
making  detailed  experiments  extremely  difficult.  For  example,  the  distance 
scales  Involved  pose  special  barriers.  The  fizz  zone,  or  flame  zone,  near  the 
propellant  surface  is  at  most  tens  of  micrometers  thick  at  the  lowest  pres¬ 
sures  at  which  the  propellants  burn.  Even  though  in  principle  this  zone  can 
be  probed  with  sufficient  spatial  resolution  using  laser  techniques,  the 
surface  Irregularities  are  larger  than  this  thickness.  In  effect  rendering 
undeflnable  the  appropriate  length  scales.  Consequently,  Information  on 
propellant  Ignition  and  combustion  must  come  from  a  variety  of  separate 
sources,  each  Involving  experiments  that  often  do  not  entail  the  direct 
burning  of  the  propellants  but  provide  detailed  results  in  a  more  tractable 
way. 

Those  experiments  that  can  be  performed  on  actual  propellants  are 
valuable;  these  Include  final  or  intermediate  product  determinations  by  gas 
chromatography  or  molecular-beam  mass  spectrometric  sampling.  The  presence  of 
reactive  Intermediates  can  sometimes  be  detected  by  means  of  their  emission 
spectra.  Fitting  these  observations  into  a  detailed  chemical  description  of 
the  propellant  combustion  requires  separate  experiments  to  develop  and 
validate  the  flame  chemistry;  such  experiments  are  the  subject  of  this 
research. 


The  gas-phase  part  of  nltramlne  flames  forms  an  Important  part  of  the 
propellant  combustion.  Simple  chemical  considerations  show  that  the  majority 


of  Che  heat  release  occurs  la  Che  gas  phase.  IC  is  this  energy,  fed  back  Co 
Che  surface,  chac  controls  Che  inlcial  vaporization  and  decomposition 
processes  in  Che  condensed  phase.  Also,  gas-phase  processes  are  probably 
crucial  in  ignition  by  convective  heating.  Preliminary  results  are  available 
from  an  experiment  ac  BRL  on  ignition  of  RDX  in  a  flow  of  hot  nitrogen.^  They 
indicate  that  ignition  occurs  in  the  gaseous  wake,  probably  in  reactants  that 
have  formed  from  pyrolysis  of  gaseous  species  evolved  from  the  solid;  the 
flame  then  propagates  back  to  the  surface.  In  a  study  at  much  higher  tempera¬ 
ture,^  ignition  was  also  found  to  occur  in  the  gas  phase.  In  both  Instances, 
presence  of  oxygen  in  the  hot  gas  stream  altered  the  ignition  characteristics, 
sometimes  dramatically. 

What  are  the  constituents  of  these  gas-phase  flames?  Although  many 

experiments  have  been  performed  on  the  thermal  decomposition  of  nltramines, 

the  results  with  different  measurement  techniques  and  under  different 

conditions  are  often  in  disagreement.  Schroeder*’  reviewed  the  literature  in 

this  area  and  concluded  that  the  point(s)  of  bond  cleavage  in  the  cyclic 

compounds  are  not  known.  A  great  variety  of  decomposition  products  has  been 
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found.  Molecular-beam  mass  spectrometrlc  sampling  methods  *  indicated  the 
presence  of  considerable  quantities  of  CH20  and  N20  on  decomposition. 

Infrared  measurements,^  in  the  wake  of  convectlvely  heated  but  unignited  RDX, 
showed  N02,  N20,  HCN,  and  some  C02.  (CH20  was  not  detectable  in  this 

experiment.)  On  the  other  hand,  qualitative  results  at  the  Large  Caliber 
Weapons  Systems  Laboratory  (LCWSL)  from  a  coherent  anti-Stokes  Raman- 
scatterlng  (CARS)  experiment  in  the  dark  zone  of  an  atmospheric  pressure  RDX 

q 

flame  indicated  that  considerable  amounts  of  CO,  C02,  H2,  and  HCN  exist  near 
the  surface.  CH^,  CH20,  and  NO  were  observed  in  minor  quantity,  but  N20  and 
N02  were  not  observed.  Low  pressure  pyrolysis  experiments,^  conducted  on  a 
previous  project  in  the  Department  of  Chemical  Kinetics  at  SRI,  Indicated  that 
the  molecular  elimination  of  HONO  was  a  major  pathway. 

In  view  of  this  array  of  results,  it  is  impossible  to  select  a  particular 
flame  that  will  mimic  the  gas-phase  combustion  of  the  nltramines.  What  can  be 
done  is  to  study  the  appropriate  sequences  of  chemical  reactions  and  to 
establish  a  means  of  identifying  those  Intermediate  species  present  in  the 
combustion  of  these  several  combinations.  Many  of  these  reactions  and  species 
are  common  to  all;  an  understanding  of  each  system  on  a  fundamental  basis  is 
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crucial  in  an  examination  of  differences  that  depend  on  the  mode  of  breakup  of 
the  nitramine. 


We  have  chosen,  as  a  reasonable  starting  point,  flames  of  CH^/^O  and 
CH2O/N2O  because  they  contain  pertinent  and  representative  chemical  sequences; 
these  flames,  their  kinetics,  and  the  LIF  spectroscopy  of  their  intermediate 
species  have  been  the  subject  of  study  in  the  first  three  years  of  this 
project*  CH^/^O  flames  are  also  now  being  investigated  using 
Raman-scattering,  CARS,  and  LIF  at  BRL  and  with  CARS  at  LCWSL.  The  flames  of 
these  compounds  were  chosen  for  study  because  they  contain  much  of  the 
chemical  networks  anticipated  to  occur  in  nitramine  flames  but  constitute 
simpler,  more  experimentally  tractable  systems  than  the  propellant  flames 
themselves,  in  which  to  gain  a  firm  understanding  of  that  chemistry. 


Ill  PROGRESS  AND  RESULTS 


The  research  has  been  concerned  with  species  detection  and  chemical 
reaction  rates  and  mechanisms  in  flames  of  CH^/^O  and  CI^O/^O.  In  this 
section  we  describe  the  progress  and  findings.  Reprints  of  pertinent 
articles,  reports,  and  conference  abstracts  are  attached. 

A.  Nitrogen-Containing  Radicals  in  CH4/N2O  Flames 

In  earlier  studies  of  flames  of  CH2O/N2O  burning  at  low  pressure^  and  at 
12 

one  atmosphere,  emissions  from  NH,  NH2,  and  CN  were  seen.  Such  species  can 
arise  only  if  the  N-N  bond  in  the  ^0  is  broken,  suggesting  different  chemical 
pathways  than  if  only  the  N-0  bond  dissociates.  However,  the  presence  of 
emission  does  not  necessarily  denote  significant  amounts  of  ground-state 
molecules  because  the  emission  may  result  from  direct  chemical  production  of  a 
small  concentration  of  chemiluminescent,  electronically  excited  species. 

Thus,  at  the  onset  of  the  project,  the  initial  step  was  to  determine  the 
ground-state  concentration  of  at  least  one  such  species  using  LIF.  This  was 
performed  for  NH  in  CH^/^O  flame. ^  Because  quenching  rates  for  the  excited 
state  of  NH  were  not  known,  the  simple  estimate  was  made  that  they  were  the 
same  as  for  the  electronically  similar  OH  molecule.  This  led  to  an  approxi¬ 
mate  ratio  [NH]/ [OH]  »  0.04  in  the  reaction  zone  of  this  flame,  which  is  a 
high  enough  concentration  of  NH  for  it  to  be  chemically  significant. 

This  simple,  semiquant  it at ive  experiment  thus  provided  the  key  informa¬ 
tion  that  nitrogen-containing  radicals  may  be  important  in  the  chemistry  of 
these  flames.  The  next  step  was  the  consideration  of  possible  chemical 
mechanisms  to  seek  the  mode  of  formation  of  the  NH  (probably  through  the 
H  +  N2O  reaction)  and  the  subsequent  reactions  it  undergoes.  This  procedure 
led  to  the  identification  of  the  NCO  radical  as  another  potential  key  inter¬ 
mediate,  and  a  study  was  begun  of  its  laser  spectroscopy  in  flow  systems. 

At  BRL,  more  extensive  and  accurate  measurements  were  made  on  NH  and  OH 
in  a  CH4/N2O  flame, ^  using  absorption  measurements  to  obtain  the  absolute  NH 
concentration.  The  results,  an  [NH]/[0H]  ratio  of  0.02,  were  very  close  to 
the  initial  estimate  using  approximate  quench  rates,  and  they  fully  support 
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Che  major  conclusion  about  nitrogen-containing  radical  chemistry.  In  further 
probes  of  this  same  flame  at  BRL,  the  NCO  radical  was  found  to  exist  in 
copious  quantities,^  and  significant  amounts  of  C2  and  CN  have  also  been 
found. ^ 

At  SRI,  we  began  to  study  the  spectroscopy  of  NCO  shortly  before  it  was 

detected  in  a  flame  at  BRL.  The  experiments,  performed  in  a  low  pressure 

discharge  flow,  have  yielded  several  valuable  pieces  of  information.  Further 

information  —  including  wavelengths  for  excitation,  intensities  of 

fluorescence,  absorption  coefficients,  and  quenching  rate  constants  for  both 
2  +  2  2  2_ 

the  A  E  -  X  11^  and  B  II  -  electronic  systems  —  is  needed  to  relate  LIF 

flame  measurements  to  actual  concentrations.  A  study  of  the  fluorescence 
spectrum  obtained  on  excitation  of  the  B-state  has  yielded  for  the  first  time 
accurate  values  of  ground-state  vibrational  frequencies,  important  in  under¬ 
standing  the  structure  of  the  molecule  and  its  thermochemical  parameters. 

Radiative  lifetime  measurements  were  also  made  on  the  B^n^  state. ^ 

These  show  a  lifetime  decreasing  from  65  ns  in  the  (000)  vibrational  level 

to  &  10  ns  in  the  (100)  vibrational  level.  The  difference  was  ascribed  to 

9 

predissociation  of  the  B-state  to  N(  D)  +  CO.  This  sets  a  new,  lower  dissoci¬ 
ation  energy  for  NCO  and  a  value  of  its  heat  of  formation  that  is  14  kcal/mol 
higher  than  that  currently  used  in  the  literature.  It  also  leads  to  a  higher 
value  for  the  heat  of  formation  of  HNCO.  These  results  can  significantly 

alter  ideas  about  the  participation  of  NCO  in  certain  flame  chemical  reactions 
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—  for  example,  as  in  a  recent  discussion  of  the  products  of  the 
HCN  +  OH  reaction  based  on  the  old  AH^  values.  Different  values  of  AH^  also 
mean  different  values  of  the  equilibrium  constants  of  reactions  in  which  NCO 
and  HNCO  take  part,  and  correspondingly  alter  reverse  reaction  rates  Inferred 
from  forward  reaction  rate  values.  Hence  this  spectroscopic  experiment,  which 
yields  a  thermodynamic  result,  can  have  a  significant  impact  on  flame  models 
in  which  these  species  play  a  role.  The  remainder  of  the  NCO  data  is  still 
being  analyzed  and  results  will  be  published  later. 

The  conclusion  from  this  work,  together  with  the  complementary  BRL  burner 
experiments,  is  that  considerable  chemical  activity  occurs  following  breakage 
of  the  N-N  bond  in  NjO.  The  nature  of  the  pathways  is  not  clear,  due  in  large 
part  because  of  a  lack  of  pertinent  rate  constants,  but  further  research  is 
needed  to  understand  their  role  and  significance  in  the  flame  chemistry. 


Oxygen  and  perhaps  niCrogen  atoms  are  also  Important  participants  In 
flames  burning  In  ^0.  However,  these  atomic  species  are  not  detectable  with 
standard  LIF  techniques  because  their  absorption  lies  in  the  vacuum  ultra¬ 
violet.  Even  if  lasers  could  be  made  to  operate  in  the  appropriate  wavelength 
region,  absorption  by  atmospheric  and  flame  gases  would  preclude  their  use  for 

flame  diagnostics.  To  detect  these  species,  we  have  developed  a  method  of 
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two-photon  LIF.  The  atoms  are  excited  by  two-photon  absorption  to  the  first 
excited  state  of  the  same  symmetry  as  that  of  the  ground  state,  which  then 
radiates  in  an  infrared  transition  terminating  on  another  excited  state.  Our 
experiments,  performed  in  a  low  pressure  flow  discharge,  indicated  good  sensi¬ 
tivity  under  flame  conditions  from  measurement  of  two-photon  absorption 
coefficients,  lifetimes,  and  quenching  rate  constants. 

With  these  methods,  0-atoms  have  now  been  detected  in  flames  of 

O  1 

and  CH^/^O.  1  The  latter  study  was  performed  at  BRL  where  the  effects  of 
laser-induced  chemistry,  which  may  complicate  the  detection  in  this  flame,  are 
under  investigation.  Our  two-photon  method  has  opened  up  an  Important  new 
category  of  species  —  0-,  N-,  H-,  and  C-atoms  —  to  detection  in  flames  by 
laser  methods  and  will  be  useful  in  propellant  combustion  as  well  as  many 
other  systems. 

The  OH  radical  remains  of  prime  Importance  in  the  flames  under  study  here 
and  in  many  other  applications.  Although  the  OH  spectroscopic  data  base  for 
LIF  detection  is  much  better  established  than  that  for  other  molecules,  there 
remain  some  questions  concerning  the  colllsional  behavior  of  the  excited  state 
that  are  important  for  flame  probing. 

This  problem  has  been  considered  first  in  the  compilation  of  Information 

on  colllsional  effects  in  LIF  flame  probing,  with  special  emphasis  on  OH. 

This  study  culminated  in  the  writing  of  an  Invited  review  article  that 
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appeared  in  a  special  issue  of  Optical  Engineering  and  contained  a  com¬ 
prehensive  and  critical  discussion  of  collision  data  and  outstanding 
questions. 

One  of  these  questions  is  the  extrapolation  to  flame  temperatures  of 
electronic  quenching  rate  constants  usually  obtained  at  room  temperature  in 


flow  systems.  For  OH,  at  least,  the  large  cross  sections  suggested  that  the 
mechanism  leading  to  the  quenching  Involved  attractive  forces  interacting 
between  the  A  £  OH  and  the  collision  partner.  Using  our  LP/LF  method,  we 
measured  collisional  quenching  rate  constants  Icq  for  11  collisional  partners 
of  combustion  interest,  at  temperatures  near  1200  K.  The  key  finding  was 
that  the  cross  sections  were  smaller  than  those  at  room  temperature,  clearly 
indicating  that  attractive  forces  were  important  and  rendering  a  simple 
extrapolation  invalid  for  diagnostics  purposes.  The  experimental  results  were 
then  compared  with  calculated  cross  sections  where  the  theoretical  picture 
incorporated  a  multipole  interaction  between  the  OH  and  its  collision  partner, 
plus  a  repulsive  centrifugal  barrier.  For  8  of  the  11  collision  partners 
studied,  excellent  correlation  between  measured  and  calculated  values  was 
obtained,  providing  further  evidence  for  the  role  of  attractive  forces  in 
quenching  collisions. 

Although  the  experimental  kq  values  may  be  directly  used  for  LIF  studies 
of  OH,  the  theoretical  correlations  have  wider  implications  for  flame  diag¬ 
nostics  as  well  as  for  fundamental  collision  dynamics.  For  most  other  radical 
species,  kq  values  have  been  measured  for  only  a  few  collision  partners  and 
then  usually  only  at  room  temperature.  Assuming  that  attractive  forces  play 
an  important  role  in  the  quenching  of  other  radicals,  we  can  now  estimate  kq 
values  for  a  variety  of  collision  partners  and  as  a  function  of  temperature. 
Direct  determinations  of  kq  would  still  be  necessary  for  accurate  LIF 
measurement  of  other  radicals,  but  as  in  the  case  of  the  [NH]/[0H]  ratio  in 
CH^/^O  flames,  crucial  information  can  be  gained  from  measurements  where  kq 
is  only  estimated. 

Preliminary  measurements  have  been  made  on  energy  transfer  pathways  for 

electronically  excited  CH  in  atmosphere  pressure  flames  of  CH^/^O.  A  laser 
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pump 8  specific  rotational  levels  in  v'  *  0  of  the  A  4  state  and  fluorescence 
from  v'  -  1  and  0  is  measured,  showing  Chat  rotational  excitation  enhances  the 
upward  0  ♦  1  collisional  transfer  probability.  This  work  will  be  presented  at 
the  1984  Molecular  Spectroscopy  Symposium,  in  Columbus. ^ 

C.  LIF  of  NCO  and  NH,  Radicals  in  Flames 


LIF  has  been  useful  in  measuring  several  atomic  and  diatomic  free 
radicals  of  Importance  in  flame  chemistry.  Although  the  flame  chemistry 


involves  many  larger  radicals  as  well,  no  previous  studies  exist  of  the  LIF 
spectroscopy  of  triatomic  or  larger  species  under  flame  conditions,  tfe 
undertook  a  study  of  the  LIF  of  the  NCO  radical  in  CH^/^O  flames,  and  the  NH2 
radical  in  an<*  ^3^2°  f lames, ^  all  burning  at  atmospheric  pressure. 

As  noted  above,  the  NCO  radical  has  been  seen  in  such  flames  at  BRL  using  the 
coincidence  of  the  fixed  frequency  line  of  an  A r+  laser; ^  although 
convenient,  this  is  not  necessarily  an  optimum  method  for  a  given  set  of 
conditions  nor  can  it  be  relied  on  as  general  for  other  molecules. 

The  excitation  spectrum  for  NCO  is  quite  complex,  consisting  of  a  large 
number  of  bands  just  to  the  blue  of  the  000-000  band  at  440  nm.  Ue  have 
assigned  a  few  of  these  but  have  devoted  most  of  our  attention  to  hot  bands 
arising  from  vlbratlonally  excited  NCO  further  to  the  red,  where  the  spectrum 
is  much  less  complex.  Ue  have  Identified  16  individual  bands  and  selected 
optimum  detection  wavelengths.  From  the  bandhead  positions,  we  have  fit 
rotational  constant  and  spin-orbit  splitting  values,  providing  Information  on 
the  stretching-vibration  dependence  of  the  latter  constants.  Fermi  resonance 
interaction  can  explain  some  of  the  differences  seen.  These  spectroscopic 
results  on  NCO  will  be  presented  at  the  1984  Molecular  Spectroscopy  Symposium 
in  Columbus. 

In  the  case  of  NH2,  8  different  bands  have  been  excited  over  a  wide 
24 

wavelength  region.  In  the  flames  studied,  chemiluminescent  emission  from 
the  NH2  provides  a  background  that  interferes  with  the  LIF  signals.  In 
addition,  the  many  hot  bands  present  lead  to  a  very  congested  spectrum 
throughout  the  regions  of  excitation,  with  recognizable  features  resting  on  a 
near  continuum  background  of  similar  intensity. 

D.  Modeling  of  Formaldehyde/Nitrous  Oxide  Flame  Chemistry 

Detailed  modeling  of  the  chemistry  of  the  H2CO/N2O  combustion  chemistry 
system  began  with  a  simple  isothermal  model  in  which  time  is  the  only  vari¬ 
able.  Though  far  from  representing  a  flame  itself,  the  model  has  permitted  us 

to  gain  insight  into  the  important  chemistry  occurring.  The  starting  point 
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was  a  19-step,  14-species,  semiglobal  mechanism  proposed  by  Dean  for 
describing  shock-heated  mixtures  of  dilute  formaldehyde  in  O2  or  N2O.  This 
mechanism  Ignores  the  participation  of  several  nitrogen-containing  species 


that  are  observable  with  LIF  and  that  have  been  found  to  exist  in  significant 
quantity  in  flames  of  methane  in  nitrous  oxide. 

We  briefly  examined  Dean's  rate  constants  and  found  them  reasonable.  Our 

RRXM  calculations  of  the  rate  constant  for  formaldehyde  pyrolysis  (with  use  of 
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the  1970  thermochemical  data  for  formyl  radical  )  support  Dean's  contention 
that  previously  reported  values  are  ten  times  too  high.  Also,  Dean  suggests 
that  the  rate  constant  for  OH  +  HCHO  ♦  ^0  +  CHO  is  a  factor  of  ten  slower 
than  that  previously  reported  in  the  literature.  Comparison  with  the  rate 
constant  for  H  +  HCHO  and  the  use  of  transition  theory  estimates  suggest 
Dean's  value  is  sensible.  Therefore,  Dean's  mechanism  was  used  as  the  basic 
network  to  which  were  added  reactions  involving  the  nitrogen-containing 
radicals. 

The  isothermal  modeling  was  performed  at  2500  K  because  the  flame 

studies  at  BRL  showed  the  relatively  rapid  attainment  of  such  temperatures. 

28 

Rate  constants  were  obtained  from  the  literature  with  no  extensive  attempt 
(as  yet)  at  individual  evaluation,  and  concentration  profiles  for  many  species 
were  computed  and  plotted. 

We  found  that  appreciable  concentrations  of  some  nitrogen-containing 
species,  lO1^  to  10*^  molecules/cm^,  can  be  realistically  generated  during  the 
H2CO/N2O  chemical  sequence  at  high  temperature.  This  is  very  encouraging  for 
linking  of  the  LIF  measurements  with  the  chemical  mechanism,  although  the 
reaction  set  included  in  the  model  is  far  from  complete  enough  to  compare  with 
experiments. 

Interestingly,  the  NH/0H  ratio  at  the  appropriate  times  mimics  the 

reported  values  of  ~  2-4Z  from  our  own  studies  and  those  of  BRL.  One  problem 
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encountered  was  that  by  adding  several  more  reactions  suggested  by  others, 
we  could  change  many  of  the  species  profiles  drastically.  The  [NH]/[0H]  ratio 
could  be  varied  one  to  two  orders  of  magnitude  using  realistic  estimates  of 
rate  constants  for  these  additional  reactions. 

This  sort  of  variation  is  completely  unacceptable.  The  goal  of  this 
modeling  is  the  establishment  of  a  predictive  tool.  This  is  especially 
important  in  the  case  of  understanding  nltramine  propellant  burning  under 
conditions  approaching  practical  reality,  because  laboratory  experimental  data 
will  require  extensive  extrapolation  to  approach  the  pressures  and  temper- 


atures  at  which  propellants  burn  In  actual  systems. 

E.  Rate  Constant  Estimation  and  Correlation 

Prom  the  above  discussion,  it  is  clear  that  any  serious  modeling  effort 
must  be  preceded  by  the  establishment  of  criteria  for  the  critical  evaluation 
of  rate  data  to  be  used  in  the  simulation.  We  have  made  the  global  under¬ 
standing  of  individual  rate  constants  the  focus  of  some  of  our  research 
activities.  This  has  allowed  us  to  begin  to  establish  these  necessary 
criteria.  Some  of  the  ideas  Involved  have  been  discussed  in  the  literature,  u 
but  we  have  amplified  and  developed  others  during  this  work.  A  status  report 
is  given  below  in  terms  of  classes  of  reactions. 

Blmolecular  Reactions.  Simple  bimolecular  reactions  Involve  the  transfer 
of  atoms  in  a  simple  metathesis.  They  are  described  by  simple 
transit ion-state  theory  and  are  expected  to  be  independent  of  pressure  with  a 
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temperature  dependence  best  described  by  the  form  k  -  AT  exp(-C/T).  Often 
this  is  described  by  a  form  in  which  B  »  0;  these  two-parameter  "Arrhenius’* 
descriptions  will  almost  always  fall  over  a  wide  temperature  range.  If 
experimental  values  have  been  determined  at  temperatures  very  different  than 
those  of  the  intended  application,  the  computed  k  will  be  wrong. 

The  context  of  theory  also  allows  sample  evaluation  of  the  quantity  A  in 
the  above  expression.  This  quantity,  related  to  transition-state  entropy 
values,  must  be  larger  for  atom-molecule  reactions  than  for  related 
diatom-molecule  reactions,  which  in  turn  have  higher  A-values  than 
polyatomic-molecule  reactions.  This  is  due  to  the  successive  loss  of 
rotational  degrees  of  freedom  in  forming  a  transition  state  in  the  above 
processes.  We  have  identified  important  families  of  simple  blmolecular 
reactions,  such  as  OH  +  i^CO  >  t^O  +  HCO  and  H  +  t^CO  -*•  H2  +  HCO,  where  these 
notions  of  consistent  A-f actors  should  be  applied  in  choosing  rate  constants 
for  modeling  studies. 

Unlmolecular  Reactions.  These  reactions  are  both  pressure  and  tempera- 
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ture  dependent.  There  is  extensive  literature  concerning  these  processes. 
Detailed  understanding  and  proper  modeling  require  use  of  RBKM  theory  and 
knowledge  of  molecular  parameters.  In  addition,  because  unlmolecular 
processes  always  reflect  the  competition  between  chemical  and  energy-transfer 
processes,  knowledge  of  these  latter  processes  is  also  important. 


Currently,  k(P,T)  can  be  calculated  with  a  rather  cumbersome  numerical 
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apparatus.  Troe  has  developed  a  formalism  for  the  analytical  mimicking  of 
RRKM  results  in  terms  of  parameters  that  may  be  calculated  once  and  then 
listed  for  each  individual  process.  Most  of  our  effort  concerning  rate 
constant  determination  has  been  spent  in  casting  the  Troe  scheme  into  a  usable 
format.  The  goal  is  to  list  a  given  reaction  and  the  appropriate  parameters 
that  can  be  used  with  the  stored  analytical  function  to  compute  k(P,T)  for 
models  of  combustion  chemistry.  Examples  include  the  initiation  reactions 
H2CO  >  H  +  HCO  and  ^0  ♦  +  0.  This  study  was  described  at  the  Western 

States  Combustion  Meeting  in  Los  Angeles,  California,  in  October  1983  and  is 
being  submitted  to  Combustion  and  Flame. 

Apparent  Blmolecular  Reactions.  These  reactions  are  the  most  difficult 
to  deal  with  and  the  least  often  recognized.  They  are  written  as  if  they  were 
simple  blmolecular  processes;  thus, 


CO  +  OH  -►  H  +  C02 

However,  we  now  know  that  this  reaction  is  not  a  simple  metathesis;  it 
undoubtedly  involves  the  formation  of  an  intermediate  HOCO  radical.  The 
radical  is  "born”  with  internal  energy,  and  its  lifetime  is  thus  also  pressure 
dependent.  Hence,  any  analytical  form  for  rate  constants  of  this  type  must 
account  for  both  pressure  and  temperature  dependence.  Currently,  we  do  not 
have  any  simple  methods  for  incorporating  such  processes  into  a  model.  If  we 
treat  them  as  blmolecular,  we  must  be  very  careful  to  use  data  obtained  under 
conditions  similar  to  those  simulated  in  the  model;  simple  extrapolation  with¬ 
out  a  better  understanding  can  produce  severe  discrepancies.  However,  it  will 
prove  very  difficult  to  find  much  data  that  will  be  easily  transferred  to 
flame  conditions. 

In  the  CH2O/N2O  system,  we  have  used  the  models  to  identify  several  reac¬ 
tions  in  this  category  that  are  likely  to  be  crucial  in  reactions  of  the 
nitrogen-containing  radicals: 


H  +  N20  +  OH  +  N2 
♦  NH  +  NO 

NH  +  CO  -*•  H  +  NCO 
>  -*•  CN  +  OH 


These  processes  may  occur  through  Intermediates  —  for  example,  NNOH  and  HNNO 
for  the  first  reaction  and  HNCO  or  NCOH  for  the  second.  A  proper  treatment  of 
this  important  class  of  reactions,  including  the  branching  ratio  as  a  function 
of  pressure  and  temperature,  requires  knowledge  of  the  Intermediates  and 
application  of  unimolecular  rate  theory.  (We  have  studied  the  first  of  these 
systems  in  depth  as  part  of  contracted  work  with  DoE  concerning  NH^/02 
flames.) 


P.  Laser  Pyrolysia/Laser  Fluorescence  Experiments 


In  the  LP/LF  method,  a  mixture  of  SFg,  radical  precursor,  and  reactant 
or  quenching  gas  is  heated  by  a  pulsed  C02  laser  whose  radiation  is  absorbed 
by  the  SFg.  In  experiments  to  date,  the  precursor  has  been  H202,  which 
decomposes  to  OH  radicals  that  are  then  detected  using  LIF.  Temperatures 


between  800  and  1400  K  have  been  attained,  and  the  method  has  been  used  to 
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measure  quenching  rates  for  A  I  OH  described  above,  as  well  as  (on  another 
project)  reaction  rate  constants  of  OH  with  hydrocarbons. 


The  original  purpose  of  the  LP/LF  method  was  twofold:  to  measure  blmolec- 
ular  processes,  such  as  the  quenching  and  reaction  rate  constants  at  elevated 
temperature,  and  to  produce  combustion  chemical  networks  under  elevated 
temperature  conditions  but  without  the  complications  due  to  gas  dynamics, 
transport,  and  limited  stoichiometric  range  that  occur  in  direct  flame 
studies.  Several  preliminary  experiments  have  been  performed  in  this  latter 
mode. 


Mixtures  of  C2H2/02  and  CH^/02  have  been  pyrolyzed,  both  with  and  without 
added  H202.  A  short  ( 100-ps-long)  combustion  process  is  occurring,  as 
evidenced  by  emission  from  OH,  CH,  and  C2,  which  can  be  seen  following  the  C02 
laser  pulse.  In  the  case  of  CH4/02,  LIF  signals  of  ground-state  OH,  formed 
and  then  removed  during  the  chemical  sequence,  could  be  seen.  Pyrolysis  of  a 
mixture  of  CH^/t^O  also  produced  emission,  but  LIF  signals  have  not  yet  been 

14 


**  . 


*  *  «  *  *v  *  *C 


•  *  ••  »* •  •  • 


w: 


1 


m 


XA 


Vi> 


detected;  the  failure  was  likely  due  to  the  high  quenching  rate  of  N20  for  the 

excited  OH  and  the  low  signal  levels  during  that  particular  period  of  experi¬ 

mentation. 

Formaldehyde/ nitrous  oxide  mixtures  have  also  been  pyrolyzed.  In  an  LP 
apparatus,  outfitted  with  a  mass  spectrometer  (but  not  having  LIF  probe 
capabilities),  a  mixture  of  CI^O,  N20,  and  SFg  was  irradiated  with  the  CO2 
laser.  (CI^O  was  used  to  obtain  more  definitive  identification  of  certain 
fragment  masses  that  would  be  confusing  with  CH20.)  Destruction  of  reactants 
and  formation  of  stable  products  (H20,  CO)  could  be  observed  with  the  mass 
spectrometer,  summing  over  several  laser  pulses.  The  LP/U  setup  was  used  to 
detect  light  emission  during  the  laser  pyrolysis  of  this  same  mixture.  The 
emission  begins  shortly  (-  10  ps)  after  the  C02  pulse,  peaks  near  200  ps,  and 

persists  for  nearly  a  millisecond  in  some  cases.  Bands  of  OD,  ND,  CN,  CD,  and 

C2  were  observed,  corresponding  to  the  species  seen  in  the  CH20/N20  flame.12 
Those  of  CM  were  especially  strong.  The  rise  and  decay  times  varied  with  con¬ 
ditions  and  to  some  degree  with  species,  indicating  that  they  contain  useful 
kinetic  information  on  readily  measured  time  scales.  LIF  detection  of  the 
ground-state  radicals  is  the  logical  next  step. 

In  each  of  these  cases,  it  is  possible  that  the  reaction-initiating  step 
is  due  to  a  trace  amount  of  F-atoms  formed  from  minor  decomposition  of  the  SFg 
at  these  temperatures,  although  no  HF  was  detected  mass  spectrometrlcally. 
Also,  quantitative  measurements  have  not  yet  been  made.  Nonetheless,  these 
preliminary  results  indicate  the  feasibility  of  LP/LF  experiments  on  the 
chemical  networks  found  in  flames  pertinent  to  nitramlne  combustion.  Because 
of  the  lack  of  gas  dynamic  considerations,  such  experiments  are  much  more 
amenable  to  simple  chemical  modeling  and  will  provide  a  key  link  between  the 
models  and  the  laser  diagnostic  measurements.  Moreover,  because  the  pulsed 
C02  laser  can  be  used  to  heat  the  mixture  more  rapidly  than  the  time  scales  of 
the  chemical  reactions  themselves  we  can  obtain  time-resolved  Information  on 
the  radical  concentrations  that  will  be  very  important  in  comparing  the 
experimental  results  with  model  calculations. 
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Collisional  effects  on  laser-induced  fluorescence 
flame  measurements 
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Abstract.  Laser-induced  fluorescence  (UP)  is  a  method  of  considerable  utility 
for  the  measurement  of  the  transient  free  radicals  which  are  the  keys  to  the 
chemistry  of  flames.  Collisions  experienced  by  the  electronically  excited  state 
can  alter  the  magnitude  and  the  spectral  form  of  the  fluorescence  signals. 
Recent  studies  on  both  quenching  and  energy  transfer  collisions,  and  their 
influence  on  UF  measurements,  are  treated  in  this  review;  special  emphasis  is 
given  to  the  important  and  popular  OH  molecule.  Different  solutions  to  the 
problem  of  accounting  for  quenching  are  considered,  and  both  effects  and 
exploitation  of  energy  transfer  within  the  excited  state  are  discussed.  Although 
further  research  is  needed  to  better  quantify  these  collisional  effects.  UF  can 
currently  provide  data  significant  for  the  understanding  of  combustion  chemistry. 

Keywords:  combustion  and  analysis;  teaar-induced  fU/oreecence;  quenching;  energy 
transfer;  spectroscopy;  hydroxyl  radical. 
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I.  INTRODUCTION 

The  past  few  years  have  seen  a  significant  effort  in  the  development 
and  early  application  of  lasers  as  probes  of  combustion  processes. 1 
Several  methods  termed  laser  spectroscopic  probes  provide  concen¬ 
trations  and  temperatures  (population  distributions  over  internal 
energy  levels)  of  identifiable  molecular  species.  Chief  among  these 
are  spontaneous  and  coherent  Raman  scattering  and  laser-induced 
fluorescence  (LIF),  all  of  which  share  a  number  of  common  attri¬ 
butes.  Each  has  excellent  spatial  and  temporal  resolution  and  is 
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nonintrusive  in  nature.  This  last  feature  means  not  only  that  the  gas 
flow  and  chemical  kinetics  are  unperturbed,  but  also  that  the  laser 
probes  may  be  uaed  in  environments  too  hostile  (high  temperatures 
or  corrosive  atmospheres)  to  permit  the  insertion  of  a  physical  probe 
such  as  a  thermocouple  or  sampling  nozzle. 

LIF  and  the  Raman  methods  complement  one  another  quite  well 
in  providing  a  wide  range  of  molecules  which  can  be  probed.  The 
Raman  scattering  methods  yield  a  relatively  easily  analyzed  determi¬ 
nation  of  the  majority  species  present  in  a  combustion  process,  that 
is,  the  fuel,  oxidant,  main  exhaust  gases  and.  in  an  air  flame,  N,. 
However,  because  of  signal  level  considerations,  they  are  generally 
unable  to  detect  transient  species  (often  free  radicals)  present  at  low 
concentration.  LIF  is  considerably  more  sensitive  than  the  Raman 
methods  and  can  furnish  a  measurement  of  the  concentration  of 
those  trace  species,  crucial  to  an  understanding  of  the  combustion 
chemistry.  LIF,  however,  depends  on  the  existence  of  appropriately 
separated  electronic  states  of  the  molecule  in  question,  and  because 
of  this  is  generally  inapplicable  to  the  closed-shell  molecules  for 
which  the  Raman  methods  are  well  suited.  Hence,  for  a  full  descrip¬ 
tion  of  the  combustion  processes,  both  LIF  and  Raman  methods  are 
necessary. 

As  noted.  LIF  has  very  high  sensitivity.  For  example,  under 
favorable  conditions,  OH  in  an  atmospheric  pressure  flame  can  be 
detected  at  sub-part-per-billion  concentration  levels  with  I  mm3 
spatial  and  10  nsec  temporal  resolution,  producing  a  signal  level  of 
~  100  photoelectrons.  This  sensitivity  arises  from  the  fact  that  LIF. 
unlike  the  Raman  techniques  which  rely  on  scattering  phenomena, 
involves  the  creation  of  a  real  electronically  excited  state  through 
absorption  of  the  laser  photons.  Concomitant  with  this  sensitivity, 
however,  arises  the  chief  disadvantage  to  LIF;  because  the  real 
excited  state  possesses  a  finite  radiative  lifetime,  collisions  of  the 
excited  molecule  with  the  flame  gases  affect  both  the  magnitude  and 
spectral  distribution  of  the  fluorescence  signals. 
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in  this  paper,  we  shall  consider  coilisional  effects  on  LIF  mea¬ 
surements  in  combustion  systems,  with  particular  attention  paid  to 
the  important  and  popular  OH  molecule.  Both  quenching  (removal 
from  the  electronically  excited  state)  and  energy  transfer  among 
internal  levels  (rotational  and  /  or  vibrational)  of  the  excited  state  will 
be  addressed. 

As  we  shall  see,  it  is  important  to  properly  include  coilisional 
effects  in  the  quantitative  employment  of  LIF.  This  is  most  easily 
done  in  the  case  of  OH,  for  which  there  exist  relatively  abundant 
collision  data,  and  especially  in  air  flames,  where  N2  is  often  the  most 
probable  collision  partner,  although  further  research  is  still  needed 
for  a  fully  quantitative  characterization  over  a  wide-ranging  set  of 
conditions.  We  shall  also  find  that,  even  in  the  absence  of  a  complete 
set  of  coilisional  data,  the  effects  introduced  by  quenching  and 
energy  transfer  do  not  diminish  the  considerable  utility  of  LIF  as  a 
flame  probe.  Even  if  collision  rates  must  be  estimated,  LIF  can  still 
provide  results  of  significance  for  the  understanding  of.  and  insight 
into,  the  chemistry  of  combustion. 

2.  MOLECULAR  COLLISIONS  UNDER  FLAME 

CONDITIONS 

2.1.  Cenaal  considerations 

In  laser-induced  fluorescence,  the  laser  is  tuned  such  that  its  wave¬ 
length  matches  that  of  some  (identifiable)  absorption  line  of  the 
desired  species  (see  Fig.  1).  The  molecule  is  elevated  to  a  particular 


a 


a  *1*  exerted  etata  as  In  OH. 
level  (Pa(2)  here)  m  V  *  1. 


rotational  level  (perhaps  one  particular  component,  if  electronic  fine 
structure  exists)  of  a  particular  vibrational  level  of  some  electronically 
excited  state.  The  quantum  numbers  v' (vibration),  N'  (rotation),  and 
J'  (total  angular  momentum)  will  generally  serve  to  identify  a  distinct 
level  in  this  sense.  As  the  laser  is  tuned  through  a  series  of  absorption 
lines  and  the  fluorescence  monitored  as  a  function  of  laser  wave¬ 
length.  a  so-called  excitation  scan  is  produced.  Figure  2.  to  be 
described  funher  below,  displays  a  small  portion  of  such  excitation 
scans  for  OH  and  NH.  with  one  particular  line  designated  in  each  case. 
In  essence,  the  excitation  scan  is  an  absorption  spectrum  of  the  mole¬ 
cule  of  interest,  except  that  detection  is  via  the  positive  fluorescence 
signal  on  a  null  background  instead  of  the  much  less  sensitive  decrease 
in  transmitted  light  in  a  conventional  absorption  measurement. 
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Fig.  2.  EacWatlow  scene  through  portonp  of  the  (0,0)  hurts  of  the  A*I* 
-  X* n,  system  of  OH  and  tha  A*n,  -  X*I~  system  of  NH.  Ths  medium  is 
the  reaction  tons  of  aCH«/NtO  flams  at  atmospheric  pressure.  From  tho 
relative  Intensities  and  an  estimate  that  Q/Aia  the  seme  for  seen  species. 
it  was  found  that  [NH)/(OH]  -  0.04. 


Because  typical  molecular  radiative  rates  are  of  the  order  of 
I07  sec-1,  whereas  typically  rates  for  collisions  causing  a  change  in 
energy  level  are  Ifc  KFsec-1  at  1  atm.  the  most  likely  fate  for  an 
excited  molecule  is  to  undergo  coilisional  transfer  to  some  other 
leveL  The  collisions  are  qualitatively  separated  into  two  categories: 
(i)  quenching  collisions,  with  rate  Q,  which  remove  the  molecule 
from  the  electronically  excited  state  as  a  whole  (usually,  but  not 
necessarily,  into  the  electronic  ground  state)  so  that  it  does  not 
fluoresce;  (ii)  energy  transfer  collisions  (vibrational  with  rate  V,  or 
rotational  with  rate  R)  transferring  into  a  different  level  of  the 
electronically  excited  state  which  can  then  either  undergo  funher 
collisions  or  emit  a  photon  (see  Fig.  I).  As  we  shall  see.  each  of  these 
energy  transfer  rates  is  in  general  specific  to  the  initial  and  final 
quantum  states.  The  rates,  in  sec-1  units,  are  sums,  over  all  possible 
collision  partners  i.  of  rate  constants  k  times  number  densities  a,  e.g.. 

V*Zjkv(i)nj.  (I) 

An  important  parameter  is  the  size  of  R  and/or  V  relative  to  Q.  If 
R,  V»Q,  an  excited  molecule  will  undergo  many  energy  transfer 
collisions  before  quenching.  Thus  the  excited  state  will  attain  some 
broad  distribution  (perhaps  thermal-like)  over  its  internal  energy 
levels,  and  the  resulting  fluorescence  spectrum  will  reflea  this  wide 
distribution.  If.  on  the  other  hand.  Q»R.V,  the  initially  excited 
molecules  will  mostly  be  quenched  before  undergoing  energy 
transfer,  and  the  fluorescence  s  pea  rum  will  be  dominated  by  large 
peaks  corresponding  to  lines  emitted  from  that  level  direaly  pumped 
by  the  laser.  This  situation  has  been  termed  ’‘arrested  relaxation"  or 
"frozen  excitation." 

In  either  case  it  is  the  ratio  of  quenching  rate  to  radiative  rate 
(Einstein  spontaneous  emission  coefficient)  A  which  daermines  the 
total  fluorescence  yield  ♦, : 


*  _  A  A 

*  A+Q  Q 


(2) 


which  is  the  number  of  photons  emitted  per  molecule  initially  excited 
by  the  laser.*  The  approximate  equality  holds  at  pressures  of  the 
order  of  I  atm  where  Q»A.  The  effeaive  quantum  yield  <be  for  a 
given  experiment,  however,  contains  effects  of  energy  transfer  if  (as  is 


*Tht  ututuon  >i  lomewhai  more  complex  ‘f  energy  transfer  occurs  end  A  or  Q  vertex 
»nh  level.  Althougn  tint  often  does  occur  to  toms  degree,  the  corrections  are  tuusilv 
minor  ones  and  will  be  ignored  for  purposes  of  discussion  m  the  paper 
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often  the  case)  the  fluorescence  from  only  a  particular  set  of  excited 
state  levels  is  detected.  For  example,  suppose  OH  were  excited  to  v'  = 
I.  Then  if  emission  in  the(I.O)  band  were  detected. 


* 

e  Q  +  V  ’ 


(3) 


whereas  if  emission  from  molecules  which  have  undergone  vibra¬ 
tional  energy  transfer  to  v'  =  1  were  observed. 


_  A(0.0)  V 
Q(Q  +  V)  ‘ 


(4) 


(Here,  A(i,j)  is  the  radiative  rate  into  the  (i.j)  band  and  any  variation 
of  Q  and  V  with  level  is  ignored). 

In  considering  the  effects  of  energy  transfer,  it  should  be  borne  in 
mind  that  energy  transfer  within  excited  states  often  occurs  quite 
rapidly.  Even  vibrational  energy  transfer  cross  sections  can  be  sim¬ 
ilar  to  or  in  excess  of  gas  kinetic  values,  such  that  V.  R  and  Q  are  of 
the  same  magnitude.  This  may  be  due  to  the  role  played  by  attractive 
forces  during  such  collisions,2-’  or  perhaps  communication  with 
energy  levels  belonging  to  other  electronic  states.4  Whatever  the 
reason,  the  excited  state  behavior  can  be  quite  different  from  that  of 
ground  states,  where  generally  R»V. 


2.2.  Individual  species 

In  Table  I  is  given  a  list  of  species  which  have  been  observed  using 
LIF  in  flow  systems  and/or  in  flames,  and  which  arise  as  “natural"® 
intermediates  in  the  combustion  process.  The  effects  of  the  energy 

TABLE  I.  Combustion  Intormodiatm  Which  Hava  Boon  Observed 
Using  UF. _ 

O.N 

OH* 

CH*.  CN*.  Cj*.  CO 
NH*.  NHj 
NO*.  NOj*.  HNO 
Sj*.  SH*.  SO*.  S02* 

CS.  cs2 
CjO.  C,.  HCN 
CH30.  CHjO 

*  Denotes  that  detection  hat  been  performed  in  a  flame. 


levels,  resulting  in  an  extensive  emission  spectrum  and  reduction  of 
the  emission  into  any  given  wavelength,  i.e..  <t>e,  whereas  the  quench¬ 
ing  reduces  the  overall  This,  together  with  a  larger  ground  state 
partition  function  (and  tnus  a  smaller  fraction  of  molecules  in  the 
level  pumped  by  the  laser)  will  tend  to  render  LIF  less  sensitive  for 
the  larger  species.  For  example,  the  NH2  molecule  has  been  readily 
excited  in  many  low  pressure  flow  system  experiments,  and  it  has 
been  detected  via  laser  absorption  in  a  flame.4  However,  its  observa¬ 
tion  by  LIF  in  atmospheric  pressure  flames  has  thus  far  eluded 
efforts  at  several  laboratories,  including  our  own. 

The  effects  of  energy  transfer  within  the  excited  state  have  been 
observed  in  some  detail  for  OH  and  are  discussed  below.  Additionally, 
nonthermal  population  distributions  following  laser  excitation  in 
flames  have  been  seen  for  CH,’-*  NH.*-10  and  CN.*  (A  published 
spectrum  for  C2"  appears  more  thermal-like  but  is  not  conclusive.) 
While  none  of  the  data  on  these  other  species  has  been  treated 
quantitatively,  it  is  apparent  that  effects  similar  to  those  in  OH  are 
occurring  and  that  qualitative  generalizations  can  be  made  from  the 
hydroxyl  results. 

For  molecules  other  than  OH,  bimolecular  collision  data  (for 
both  quenching  and  energy  transfer)  exist  in  a  spotty  fashion,  and 
seldom  at  flame  temperatures.  LIF  experiments  performed  under 
controlled  (sub-atmospheric)  pressure  conditions  constitute  the  best 
means  of  obtaining  the  collision  rate  constants,  because  of  the  single- 
level  excited  state  preparation  inherent  in  LIF.  Quenching  is  typically 
measured  by  pressure  effects  on  excited  state  lifetimes  (using  real¬ 
time  or  scanning  gated  integrator  detection)  while  energy  transfer  is 
investigated  by  spectroscopic  discrimination  of  emission  from  differ¬ 
ent  levels,  although  the  two  must  sometimes  be  coupled.  Even  so. 
obtaining  data  at  temperatures  corresponding  to  those  of  flames 
remains  a  problem. 

At  the  present  time  (and  likely  in  the  future)  the  OH  molecule 
occupies  a  premier  place  in  the  field  of  LIF  combustion  probing.  It  is 
an  ubiquitous  and  important  reactive  intermediate,  so  that  its  pres¬ 
ence  can  serve  to  signify  the  occurrence  of  combustion,  a  sort  of 
index  of  the  degree  of  reaction.  It  possesses  a  well-established  spec¬ 
troscopic  data  base  and  the  wavelength  regions  required  are  particu¬ 
larly  convenient  from  an  experimentalist's  viewpoint.  The  collisional 
data  base  for  OH.  while  containing  some  gaps,  is  relatively  well 
established.  Quenching  has  been  investigated  extensively  (a  term  not 
necessarily  synonymous  with  “conclusively”)  while  both  rotational 
and  vibrational  excited  state  energy  transfer  have  been  studied  in 
detail.  Because  of  this.  OH  has  also  come  to  serve  as  a  test  molecule 
for  concepts  concerning  collisional  effects  and  for  the  quantitative 
pursuit  of  new  ideas  such  as  saturation  spectroscopy  and  energy 
transfer  thermometry.  Much  of  the  remainder  of  this  paper,  particu¬ 
larly  the  energy  transfer  section,  will  deal  with  collisional  effects  on 
OH  LIF  measurements. 


transfer  and  quenching  collisions  vary  from  species  to  species  in 
Table  I,  though  they  may  be  loosely  categorized. 

In  the  case  of  O  and  N  atoms,  whose  fluorescence  has  been  excited 
in  a  flow  discharge  using  two-photon  excitation,9  the  situation 
should  be  relatively  simple.  Only  the  quenching  of  one  electronic 
state,  and  possibly  transfer  among  fine  structure  levels,  need  be 
considered. 

The  diatomic  hydrides  have  widely  spaced  energy  levels  so  that 
only  a  tractably  small  number  is  of  importance.  However,  this  same 
large  spacing  may  preclude  rapid  thermalization  in  the  excited  state 
and  especially  emphasize  state-specific  effects,  compared  to  the  heav¬ 
ier  diatomics. 

As  one  proceeds  to  larger  molecules,  the  effects  of  collisions  may 
be  expected  to  generally  become  more  severe.  This  is  basically  a 
consequence  of  the  larger  number  of  energy  levels  available  as  final 
states  for  either  energy  transfer  or  quenching.  The  energy  transfer 
spreads  the  excited  molecules  over  a  wide  distribution  of  internal 


®Tliu*  a  number  of  tpccwi  tuch  u  metal  atoms,  their  omdet  and  halides,  which  are 
obaervaMe  with  LIF  but  usually  obtained  in  names  through  seeding  are  not  included. 
Also  excluded  is  a  considerable  number  of  larger  organic  molecules,  e  g.,  beneene. 
acetone,  benzyl  radicals,  etc. 


3.  QUENCHING 

Quenching  of  the  excited  state  determines  the  overall  fluorescence 
yield  ♦,  [Eq.  (2)]  and  its  value  is  obviously  crucial  in  relating  the 
observed  fluorescence  signals  to  the  desired  concentrations.  There 
are  several  ways  of  dealing  with  the  problem  of  accounting  for  the 
quenching:  (i)  calculation  of  Q  using  previously  measured  or  esti¬ 
mated  bimolecular  rate  constants:  (ii)  calibration  of  the  fluorescence 
signals  and  extrapolation  of  energy  transfer  rates;  (iii)  direct  mea¬ 
surement  of  Q  in  situ :  and  (iv)  optical  saturation.  Each  has  advan¬ 
tages  and  limitations  depending  on  conditions  and  the  problems 
addressed,  and  each  will  be  discussed  in  turn. 

3.1.  Calculation  or  estimation  of  quenching  rates 

In  this  straightforward  approach.  Q  is  calculated  as  in  Eq.  ( I)  using 
previously  measured  bimolecular  collision  rate  constants  and  abso¬ 
lute  number  densities  of  collision  partners  in  the  flame.  This  presup¬ 
poses,  of  course,  that  each  of  these  is  known  for  the  major  contribu¬ 
tors:  this  situation  varies  with  probed  species  and  flame  conditions. 

In  the  case  of  OH  there  exists  a  number  of  measurements  of  kg 
values  for  some  flame  gases,  although  nearly  all  of  them  have  been 
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made  at  room  temperature.  Schofield12  presents  a  useful  compilation 
of  collision  rate  constants  for  excited  OH  (as  well  as  several  other 
species);  only  one  measurement12  has  appeared  subsequently*  Dis¬ 
agreement  is  evident:  there  are  nine  modern  values  for  kq(H,0) 
differing  by  a  (actor  of  three.  In  our  opinion,  the  most  reliable  values 
arise  from  recent  L1F  experiments  where  a  single  level  is  initially 
excited;  these  are  sutnma fired  in  Table  II.  The  agrermem  evident  in 

TAILS  II.  OMonehlng  Note  Constants  for  v*  -  0.  A*X*  OH  from  UP 
Me  seur  am  wits.  Unite  are  to-11  enr  sec”’.  AS  values  have  been 
oonocsod  too  radlortvi  WedniB  of  O.gf  nape:  aS  dote  mi  Inattone  warn 
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Table  (I.  among  independent  measurements  in  separate  laboratories, 
is  noteworthy  when  set  against  the  full  range  of  OH  rats  constants, 
and  within  the  field  of  energy  transfer  in  general,  in  which  there 
usually  exists  far  higher  precision  than  accuracy.  Nonetheless,  discrep¬ 
ancies  are  evident,  and  there  are  no  modem  ( LI  F)  data  for  the  impor- 
tent  gases  COj,  CO,  or  fuel  moJeaden  Furthermore,  there  are  little 
data  at  flame  temperature;  a  value  of  kn(N2)  in  a  flame*’  is  larger  than 
expected  foe  a  simple  T* 1 1  extrapolation  from  room  temperature. 12  In 
considering  the  important  Hj/Q.  flames,  including  those  with  Ar 

diluent,  it  should  be  noted  that**  ko(H)*6Xl<T14 cm* sec-1;  knfO) 
and  kg(OH)  have  never  been  measured.  ^ 

Using  such  rate  constants.  Bechtel  and  Teets11  calculated  quench 
rates  at  each  flame  position  to  reduce  their  LIF  data  on  OH  in  an 
atmospheric  pressure  CH4/air  flame.  Number  densities  of  the  prin¬ 
cipal  collision  partners  were  determined,  at  each  flame  position,  by 
Raman  profiles  for  the  major  species.  The  absolute  OH  concentra¬ 
tion  is  normalized  to  laser  absorption  measurements  in  the  post- 
flame  gases.  The  resulting  profile  of  OH  through  the  reaction  zone 
(where  the  absorption  is  too  weak  to  measure)  is  in  good  agreement 
with  the  predictions  for  a  theoretical  model  of  this  flame.  These 
results  are  encouraging  regarding  the  use  of  calculated  quenching 
rates  for  the  reduction  of  OH  LIF  measurements. 

Morley1*  has  measured  profiles  of  LIF  signals  for  OH,  CN,  NH 
and  NO  in  Ar  flames  doped  with  CHjCN.  The  radical  con¬ 
centrations  are  deduced  using  previously  determined  or  estimated 
quenching  raw  constants  and  calculated  values  of  collision  partner 
densities.  The  results  fit  realistically  into  a  model  of  the  chemistry, 
again  suggesting  proper  (at  least  adequate)  handling  of  the 
quenching. 

Under  some  condition!,  even  a  rather  crude  estimation  of  the 
quenching  raw  can  provide  valuable  information.  As  an  example 
consider  measurements  which  we  have  made  in  a  CH4/  N,0  flame. 
Because  the  N-N  bond  strength  in  N20  is  4.93  eV.  while  the  N-O 
bond  strength  is  1.68  eV,  the  obvious  chemical  mechanism  would 
involve  the  splitting  off  of  the  oxygen  atom  and  subsequent  oxida- 
tioo  of  the  hydrocarbon.  The  emission  spectrum  of  this  flame  shows 
bands  due  to  NH.  NH2,  NO  and  CN,  all  of  which  arise  through 


V1  i***1*  **  **we  tint  sll  of  SchoAttCi  rut  eoansmt  for  OH  ihmM  b«  muttipiwd  by 
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breakage  of  the  N-N  bond.  However  because  of  the  possibility  of 
chemiluminescent  excitation  within  the  flame,  the  existence  of  emis¬ 
sion  does  not  necessarily  denote  a  significant  concentration  of  these 
radicals  in  the  chemically  relevant  ground  state. 

Such  information  can  be  supplied  with  LIF.  Figure  2  shows  a 
section  of  the  excitation  scant  through  particular  regions  of  the  OH 
and  NH  spectrum;  the  laser  was  focused  into  the  luminous  reaction 
zone  of  the  flame.  In  each  case  the  identified  line  is  used  to  calculate 
the  relative  concentrations  of  NH  and  OH.  Given  the  near-total 
absence  of  quenching  information  for  NH.  the  ratio  Q/  A  is  taken  the 
same  for  both  species.  This  results  in  a  ratio  [NH]/[OH]  —  0.04  in 
the  reaction  zone  of  this  flame.  A  separate  absorption  measurement 
shows  OH  to  be  present  in  typically  large  amount.  — 7x  I015  cm-3. 
Thus  the  concentration  of  NH  is  —3  X  10** cm-3,  high  enough  to  be 
of  chemical  significance.  This  finding,  using  an  obviously  very  simple 
approach  to  the  quenching  problem,  is  important  in  setting  the  stage 
for  consideration  of  the  chemistry  of  this  flame,  a  model  for  which 
must  address  the  potential  role  of  nitrogen-containing  molecules  in 
the  chain  reactions. 

Subsequent  to  this  simple  experiment  and  analysis,  the  measure¬ 
ment  was  repeated  by  Anderson  and  co workers 10  in  a  more  thorough 
and  careful  way,  taking  profiles  through  the  flame.  They  found  the 
NH  concentration  to  reach  a  maximum  in  the  reaction  zone;  calibrat¬ 
ing  with  an  absorption  measurement,  [NH]S  (3.8  ±  1.3)  X 10'*  cm-3 
in  that  region.  Our  approximate  value  agrees  with  this  careful  deter¬ 
mination  more  closely  than  our  assumption  on  Q/  A  warrants;  but  it 
demonstrates  that  useful  information  on  flames  can  be  obtained 
without  undue  concern  as  to  quenching. 

IX  CaMbradoo  and  eatrapulHow  of  map  transfer  raws 

This  method,  due  to  Steinberg  and  Schofield.2*  docs  not  incorporate 
absolute  collision  rates  but  rather  only  their  temperature  depen¬ 
dence.  A  narrow  bandwidth  detector  senses  only  emission  from  the 
initially  pumped  level,  so  that  the  effective  quantum  yield  in  their 
experiment  is  determined  by  the  sum  Q+V  +  R  [compare  Eq.  (3)]: 

♦,  »  A/(Q  +  V  +  R).  (5) 

Now  this  raw  for  total  collisional  transfer  from  the  initially  excited 
level  is  large  and  probably  does  not  involve  energy  barriers,  so  that  the 
raw  constants  scale  as  T1'1  from  the  mean  velocity  variation.  The 
number  density  of  collision  partners  varies  as  T-1  at  constant  pressure, 
so  that  for  two  positions  at  different  temperatures  within  the  flame 

♦f(x,)/*e(xj)  *  [T(x,)/T(Xj)]11 .  (6) 

The  position  Xj  is  chosen  to  be  downstream,  at  a  point  where  the 
concentrations  of  alt  desired  fluorescing  species  can  be  confidently 
calculated  from  chemical  equilibrium  considerations.  Then,  with  S 
denoting  fluorescence  signals. 

n(x,)  *  Sfx^x-JnfXjJ/SUjMx,) 

*  [S(x,)n(x,),S(Xj)]  [T(x2)  T(x,)]'  2  (T> 

(Alternatively,  the  concentration  at  x2  could  be  determined  bv  an 
absorption  measurement,  as  in  Refs,  it)  and  18.  if  sufficient  absorp¬ 
tion  were  present).  The  technique  was  used  to  obtain  profiles  of  OH, 
SH.  Sj,  SO  and  S02  in  the  post-flame  gases  of  H2  02,  N-  flames 
seeded  with  H-S.  so  as  to  investigate  sulfur  chemistry  in  flames. 

This  is  an  attractive  technique  for  laboratory  flames  for  both  its 
simple  handling  of  the  quenching  problem  and  built-in  calibration  of 
the  detection  system  and  geometrical  factors.  Selection  of  the  initial¬ 
ly  excited  level  and  an  isolated  transition  is  possible  in  general,  but 
perhaps  must  be  done  at  the  expense  of  signal  level  and  hence 
sensitivity.  It  is  most  useful  through  the  post-flame  region  as 
employed  in  Ref.  20.  because  neither  temperature  nor  the  molecular 
composition  of  the  collision  environment  is  varying  drastically 
one  approaches  the  reaction  zone,  the  method  is  on  a  less  sure 
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footing:  relative  values  of  kg.  kv.  and  kR  vary  from  one  collision 
partner  to  another,  and  a  temperature  dependence  more  complex 
than  T'  2  may  become  noticeable  over  a  larger  temperature  range. 
As  more  energy  transfer  rate  constants,  and  especially  their  temperature 
dependence,  become  available,  this  method  will  become  useful  over  a 
broader  set  of  conditions. 

Under  certain  conditions  it  is  possible  to  directly  measure  the 
quenching  rate  of  the  laser-excited  molecules  in  situ.  Consider  a 
short  laser  pulse  creating  an  initial  excited  state  population4 * *  n0  at 
time  t  =  0.  The  excited  state  will  then  decay  exponentially  as 

n(t)  =  n„exp[-(Q+A)t].  (8) 

Thus  a  measurement  of  the  time-dependent  decay  curve  of  the  fluo¬ 
rescence  furnishes  Q  +  A.  This  is  the  typical  method  for  the  LIF 
measurement  of  radiative  lifetimes  and  quenching  rate  constants 
such  as  those  of  Table  II. 

The  limitation  on  this  method  is  the  requirement  that 
Q  +  A  <rL-1 .  where  rL  is  the  laser  pulse  length.  (If  this  were  not  the 
case,  the  excited  state  would  decay  rapidly  following  excitation,  and 
the  time  dependence  of  the  signal  would  simply  follow  the  laser 
temporal  pulse  shape.)  For  a  typical  rL  — 10  nsec,  this  then  limits  the 
maximum  Q  +  A  to  —3  X  107  sec-1  for  usable  signals.  For  OH,  this 
would  correspond  to  a  maximum  pressure  of  N2  —100  torr  at  flame 
temperatures,  and  less  if  HzO  is  present.  Hence,  this  method  is  not 
useful  for  atmospheric  flames* 

The  method  is,  however,  eminently  suitable  for  low-pressure 
flames.  It  has  been  applied  to  flames  of  propane-oxygen  at  total 
pressures  ~20  torr  by  Stepowski  and  Cottereau.2' 22  Quenching 
rates,  ranging  from  2.3  to  3.1  X  I07sec_l.  were  measured  at  three 
different  stoichiometries,  in  good  agreement  with  those  calculated 
from  bimolecular  kg  values.  An  important  and  somewhat  surprising 
result21  is  the  nearly  constant  value  of  Q  found  to  exist  throughout 
the  entire  luminous  zone  and  into  the  burnt  gas  region.  The  authors 
attribute  this  to  an  early  rapid  increase  in  the  concentration  of  the 
efficient  quencher  H20,  and  a  lack  of  sensitivity  of  the  quenching 
rate  to  temperature. 

Stepowski  and  Cottereau  also  point  out21  that,  for  a  short-pulse 
laser  r,  >Q+A,  the  absolute  concentration  can  be  obtained  from 
the  peak  value  n0  and  knowledge  of  rL,  although  use  of  the  integrat¬ 
ed  signal 


o 


and  the  directly  measured  decay  rate  should  provide  more  accurate 
results. 

For  flame  conditions  such  that  it  is  experimentally  tractable,  this 
direct  determination  of  Q  is  the  decidedly  preferable  method,  relying 
on  no  assumptions  about  rate  constants,  their  temperature  depen¬ 
dence,  or  the  gas  composition.  It  also  serves  as  an  important  means 
of  investigating  with  low-pressure  flames  the  validity  of  calculated  or 
estimated  quenching  rates  for  use  at  higher  pressure:  this  will  be 
particularly  valuable  for  high  temperature  conditions,  as  with  the 
existing  results  for  propane /oxygen  through  the  flame  front. 


4  In  concept.  we  an  here  summing  over  ill  excited  stale  Internal  levels  and  assumini  Q 

and  A  independent  of  level  in  the  sense  of  Eq.  (2)  for  present  discussion.  In  practice  one 

must  often  consider  effective  quenching  rates  including  energy  transfer,  as  in  Eq.  ( 3).  but 

this  is  readily  incorporated. 


3.4.  Saturated  LIF 

This  method  was  first  suggested  by  Piepmeier21  for  detection  of 
atoms  in  flames,  and  later  extended  by  Daily24  to  consider  LIF 
probing  of  combustion  intermediates.  The  essential  impetus  which 
has  driven  development  of  this  technique  is  a  desire  to  make  accurate 
absolute  time-resolved  measurements  in  systems  whose  temperature, 
composition  and  density  vary  with  time,  such  as  one  encounters  in 
turbulent  combustion  or  in  detonations.  In  such  situations,  the 
instantaneous  collisions!  environment  may  be  very  poorly  character¬ 
ized,  so  that  Q  cannot  be  calculated  or  estimated  with  confidence. 
The  saturation  method  seeks  to  circumvent  this  by  operation  at  high 
enough  laser  intensity  that  the  signal  level  is  independent  of  Q. 

In  concept  the  method  is  elegant  and  simple.  Figure  3(a)  illus¬ 
trates  the  situation  for  a  two-level  system.  The  signal  level  in  this  case 


in  given  by* 


ABInf 

Q+A+2BI 


(9) 


where  B  —  A3A/2hc3  is  the  Einstein  absorption  coefficient.  The 
presence  of  the  term  2BI  in  the  denominator  arises  from  the  fact  that 
at  sufficiently  high  laser  intensity,  stimulated  emission  at  a  rate  Bln, 
constitutes  a  significant  process  for  returning  the  atom  from  e  to  g. 
At  very  high  laser  intensity,  where  BI»Q+A**Q,  S  approaches 
the  asymptotic  value  An./ 2.  independent  of  Q.  (At  low  values 
BI«Q,  Eq.  (9)  reduces* to  Eq.  (2)  because  ♦,  =  S/Bln.  by 
definition.) 

Thus  a  measurement  of  the  absolute  signal  as  I  —  »  furnishes  an 
absolute  concentration  ng.  requiring  for  the  analysis  only  an  inde¬ 
pendently  measured  value  of  A.  Relative  measurements  of  S.  as  a 
function  of  I  measured  absolutely,  yield  the  quench  rate  Q;  inverting 
Eq.  (9)  one  obtains 

S-I«[2+(Q+A)/Bl]  (10) 

so  that  a  plot  of  S-1  versus  I-1  yields  Q  (in  terms  of  a  known  A  and 
calculable  B)  from  the  slope  to  intercept  ratio.2’ 

Saturation  behavior  in  flames  was  first  observed  for  C2  by 
Baronavski  and  McDonald. 24  ft  has  also  been  studied  experimentally 
for  Na.2’  2,  »MgO.»  CH  and  CN.»  and  OH.24  It  became  apparent 
that  spatial  and  temporal  profiles  of  the  laser  beam  must  be  consid¬ 
ered’1'”  for  quantitative  results.  Creation  of  a  significant  excited 


*la  principle,  picosecond  lasers  and  fast  detection  methods  could  increase  the  useful 

pressure  range.  However,  the  necessary  technology  is  too  cumbersome  at  the  present 
time  to  consider  this  a  currently  practical  extension. 


Neglecting  geometrical  factors,  detection  efficiencies,  etc .  assuming  for  simplicity  equal 
degeneracies  in  each  state,  and  using  a  steady-state  approximation. 
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tuu  population  can  result  in  perturbations  in  the  chemistry  and 
total  concentration  of  the  probed  species.1*  if  the  electronically  excited 
state  processes  different  reaction  rate  constants  from  those  of  the 
pound  state.  Such  laser-induced  chemistry  docs  not  occur  under  all 
flame  conditions,  however.'  and  can  often  be  avoided  through  the 
use  of  sufficiently  short  (10  nsec)  laser  pulses. 

More  important,  within  the  context  of  this  review,  is  the  fact  that 
energy  transfer  among  the  internal  vibrational  and  rotational  levels 
of  molecules  can  greatly  modify  the  situation,  compared  to  the 
two-level  system  picture.  Figure  3(b)  schematically  illustrates  such 
effects.  The  laser  strongly  couples  a  pair  of  levels  e  and  g.  equalizing 
their  population  at  high  I.  However,  collisions!  processes  transfer 
population  from  e  to  other  excited  state  levels:  these  as  well  as  e  itself 
may  be  quenched  to  some  distribution  over  ground  state  energy 
levels.  Because  energy  transfer  rates  (especially  vibrational)  in  the 
ground  sum  are  generally  slower  than  those  in  the  excited  state,  the 
population  of  level  g  is  collisionally  rep  let  ed  more  slowly  than  the 
population  of  e  is  depleted.  The  net  result  is  that  during  the  laser 
pulse,  a  fraction  of  the  population  in  the  pair  of  levels  e  and  g 
connected  by  the  laser  is  transferred  into  other  levels.  The  relation¬ 
ship  between  the  population  in  the  pair,  which  determines  the  mea¬ 
sured  signal  level,  and  the  total  molecular  population  depends  sharply 
on  the  relative  energy  transfer  rates. 

There  exist  two  limiting  cases  in  which  the  energy  transfer  can  be 
treated  simply. “  If  quenching  of  e  directly  back  to  g  is  much  more 
rapid  than  energy  transfer  out  of  e,  there  is  no  communication  with 
other  levels  and  the  system  behaves  like  a  two-level  system.  The 
quench  rate  Q  obtained  from  the  S-1  versus  1“'  plot  [Eq.  (10)] 
would  be  the  correct  value.  Although  considerable  quenching  direct¬ 
ly  back  to  g  is  unrealistic  for  a  true  molecule,  this  limit  will  be 
approached  if  Q»R.V.  Conversely,  if  R.  V»Q,  the  upper  state 
will  thermalize  before  quenching.  Then  the  apparent  quench  rate 
plot  based  on  Eq.  (10)  would  be  Q  times  the  upper  state  partition 
function.  For  example,  the  reported1*  Q  for  C2  was  1.2X  I0ljsec~l; 
if  the  excited  Cj  were  to  fttlly  thermalize  this  would  correspond  to  an 
actual  Q  of  1.7  x  10* sec-1.  A  value  Q~  UFsec-1  is  physically  realis¬ 
tic.  suggesting  significant  relaxation  occurs  before  quenching  in  »bi« 
molecule. 

The  intermediate  situation,  when  Q"*R,V,  has  been  considered 
in  a  numerical  model  of  the  response  of  OH  to  laser  excitation,  under 
conditions  approaching  optical  saturation  and  in  a  collision  envi¬ 
ronment  at  2000  (  corresponding  to  the  burnt  gases  of  an  atmo¬ 
spheric  pressure  methane-air  flame. M  The  model,  a  solution  of  time- 
dependent  equations,  describes  excited-state  energy  transfer  based 
on  previously  measured  state-specific  rate  constants,”  and  includes 
ground-stats  energy  transfer  with  estimated  rate  constants.  The  spirit 
of  the  model  was  not  the  provision  of  a  quantitative  means  of 
analyzing  saturated  UF  in  OH.  but  rather  an  exploration  of  the 
above  qualitative  concepts  using  realistic  parameters.  The  chief  find- 
inp  were  several.  Fust,  the  steady-state  approximation  is  not  fully 
valid  for  10  nsec  laser  pulses  in  an  atmospheric  pressure  flame.  This 
has  received  qualitative  confirmation  in  the  experiments  of  Lucht. 
Sweeney  and  Laurcndcau24  who  observe  a  slight  time  dependence  in 
the  emission  from  laser-excited  OH  apart  from  that  which  simply 
follows  the  laser  pulse.  Second,  the  apparent  quench  rate  tends 
toward  the  qualitative  limits  as  the  “true"  Q  is  artificially  varied 
relative  to  R,  V.  Finally,  the  importance  of  pound-state  relaxation  is 
dear.  Using  an  estimated  but  realistic  V(ground)  =  2X 10* sec-1,  it 
was  found  that  40%  of  the  population  was  tied  up  in  other  pound 
state  vibrational  levels,  and  that  significant  alteration  of  the  pound 
state  rotational  distribution  occurred. 

Several  other  modefe*-*  of  this  process  have  also  been  constructed. 
These  generally  consider  the  molecular  internal  structure  in  terms  of 
a  highly  truncated  number  of  levels,  so  that  the  energy  transfer  may 
be  described  by  a  small  number  of  parameters.  This  is  a  sensible 
approach  and  is  probably  ultimately  realizable,  at  least  for  some 
ranp  of  conditions.  However,  the  present  truncated  level  models  do 
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not,  in  our  opinion,  realistically  consider  pound  state  relaxation,  in 
that  they  leave  out  the  slow  vibrational  transfer.  Until  that  issue  is 
addressed,  through  experimental  rate  constant  determination,  it  will 
be  difficult  to  assess  the  validity  of  various  truncated-level 
approaches. 

The  rate  constants  needed  to  develop  saturated  LIF  into  a  quan¬ 
titative  method  generally  encompass  those  needed  for  the  means  of 
accounting  for  quenching  in  Sections  I  and  2.  Thus,  for  molecules,  it 
docs  not  appear  that  saturation  spectroscopy  possesses  inherent 
advantages  with  regard  to  accuracy.  In  laboratory  flames,  where 
there  exists  the  leisure  to  characterize  the  collision  environment, 
calibrate  the  fluorescence  signal,  etc.,  operation  in  a  nonsaturation 
regime  appears  preferable.  However,  when  that  is  not  possible,  for 
example  in  turbulent  combustion,  the  saturation  method  remains 
promising  and  warrants  continued  development  Such  further  study 
should  concentrate  on  OH.  which  will  probably  command  the  bulk 
of  the  LIF  attention  in  nonlaboratory  flames.  Of  course,  saturation 
experiments  on  other  species,  performed  under  controlled  condi¬ 
tions,  can  be  an  important  tool  in  developing  the  technique  and 
understanding  the  energy  transfer  itself. 

4.  ENERGY  TRANSFER 

As  we  have  seen,  quenching  modifies  the  overall  signal  levels  and 
total  quantum  yield  for  LIF.  Collisions  which  cause  energy  transfer 
among  the  vibrational  levels  of  the  excited  state,  on  the  other  hand, 
alter  the  spectral  shape  of  the  fluorescence  and  determine  the  effec¬ 
tive  quantum  yield  *e  into  a  given  detector  bandwidth. 

The  value  of  *e  is  obviously  needed  to  determine  concentrations 
from  the  LIF  measurements.  In  addition,  if  varies  with  energy 
level  from  within  the  excited  state,  the  energy  transfer  can  significant¬ 
ly  influence  the  value  of  the  temperature  determined  by  relative 
intensity  measurements  as  in  an  excitation  scan.  Knowledge  of  the 
temperature  is  required  in  order  to  reduce  the  LIF  concentration 
data,  in  the  relationship  between  total  molecular  population  and  the 
population  in  the  ground  state  level  responsible  for  the  absorption  of 
the  laser  radiation.  Of  course,  the  temperature  can  be  obtained  by 
other  means,  although  in  determination  using  LIF  ensures  ready 
spatial  coincidence  with  the  concentration  measurement. 

The  growing  evidence  from  many  regimes  that  much  molecular 
energy  transfer  is  state-specific,  that  is.  the  rates  are  dependent  on  the 
individual  quantum  states  involved,  suggests  that  its  influence  must 
be  considered  in  some  detail.  In  fact,  observations  on  state- resolved 
energy  transfer  in  flames  are  important  in  providing  information  on 
high  temperature  collision  dynamics  which  supplements  the  more 
typical  low-pressure  flow  system  energy  transfer  experiments,  usually 
performed  at  room  temperature.  Additionally,  of  direct  interest  for 
combustion  itself  is  the  description  of  how  molecules  with  excess 
energy  (e.g.,  as  formed  in  an  exoergic  chemical  reaction)  approach 
thermal  equilibrium. 

The  first  laser-based  measurements  of  state-specific  energy 
transfer  in  flames  involved  single-  and  double-photon  excitation  of 
several  electronic  states  of  Na  in  C.Hj, air.”  The  intensities  of  fluo¬ 
rescence  from  four  levels  were  measured  following  initial  excitation 
of  one  of  them  with  the  laser,  and  the  measurements  were  repeated 
with  each  of  the  four  levels  being  initially  excited.  Determination  of 
the  relative  populations  permitted  the  extraction  of  energy  transfer 
rates  specific  to  initial  and  final  states.  The  results  showed  that  the  Na 
relaxed  in  a  stepwise  fashion,  preferentially  to  nearby  levels,  expe¬ 
riencing  a  significant  degree  of  population  of  intermediate  levels 
before  returning  to  the  ground  state.  A  similar,  independent  study4' 
soon  followed;  in  it  rates  were  not  deduced  although  the  observations 
were  consistent  with  the  results  in  Ref.  32. 

The  first  measurements  of  state-specific  energy  transfer,  however, 
well  pre-date  the  laser  era.  Carrington42  used  atomic  line  excitation 
of  a  single  level  in  OH  in  low-pressure  and  atmospheric  flames.  He 
observed  a  nonthermai  rotational  distribution  and  deduced  a  ratio 
R  Q  *  2.2.  This  important  experiment  showed  that  neither  the  rapid 
quenching  nor  the  thermalization  limit  applied  for  OH  and  that  the 
energy  transfer  must  be  considered  on  a  detailed  basis. 
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COLLISIONAL  EFFECTS  ON  LASER-INDUCED  FLUORESCENCE  FLAME  MEASUREMENTS 


As  noted  above,  nonthennal  distributions  following  single-level 
laser  excitation  have  been  observed  for  a  number  of  species.  Only  for 
OH,  however,  do  quantitative  results  exist,  and  this  molecule  is  the 
subject  of  the  remainder  of  this  section.  For  reference,  individual 
rotational  levels  for  v'  =  0.  I  and  2  of  the  A2 1+  excited  state  are 
shown  in  Fig.  4.  N'  labels  the  rotational  quantum  number.  Each  level 
(save  that  with  N' = 0)  is  a  closely  spaced  doublet;  these  are  labeled  by 
F,  (NO  and  F2(N0-  An  F,  level  htw  J’  =  N'  + 1  /  2  and  an  F2  level  has  J' 
—  N'  —  I  /  2,  where  J'  is  the  total  angular  momentum,  composed  of  N' 
and  the  spin  angular  momentum  S';  thus  in  an  F,  level  S'  is  more  or 
less  parallel  to  N'  whereas  in  an  F2  level  they  are  more  or  less 
antiparallel. 


Fig.  4.  Energy  level  diagram  for  the  A*!*  state  of  OH,  measured  relative 
to  the  lowest  level  in  v'  -  0.  The  spin  doublet  structure  Is  small  and  not 
shown.  The  numbers  to  the  right  of  each  stack  denote  N'  and  the  values 
below  each  are  v*.  The  arrows  math  the  predlaeocletion  limits  in  each 
vibrational  level. 


(T *■  1900  K)  of  a  methane/ air  flame  at  atmospheric  pressure;  rota¬ 
tional  level  population  distributions  were  determined  for  initial  exci¬ 
tation  of  the  F,(l),  F^(5).  F2(S),  F.(10),  F2(  10)  and  F2(  1 5)  levels. 

The  observed  distributions  exhibit  the  following  features:  (i)  The 
total  amount  of  rotational  transfer  which  occurs  decreases  with 
increasing  N';  this  will  be  discussed  in  more  detail  below,  (ii)  Transfer 
upward  from  the  pumped  level  is  described  by  a  thermal-like  distri¬ 
bution,  although  the  apparent  temperature  is  an  artificial  one  whose 
value  increases  with  N'.  (iii)  Downward  transfer  is  described  by  a 
statistical  distribution,  proportional  to  the  final-state  degeneracy, 
with  little  or  no  energy  dependence,  (iv)  Transfer  to  the  same  spin 
component  (F  —  F,  and  F2  —  F2)  is  favored  over  F(—  F,  for 
|  AN’)  S4.  (  v)  In  general,  transfer  to  nearby  levels  (small  ANO  is 
favored  but  raultiquantum  ( |  AN'|  >  1)  transfer  in  a  single  collision 
clearly  takes  place. 

These  features  are  generally  what  would  be  expected  from  consid¬ 
eration  of  the  room-temperature,  state-specific  rotational  energy 
transfer  rate  constants  of  N,  collisions,17  where  similar  behavior  is 
seen.  A  computational  prediction1*  of  the  distributions  utilizes  an 
information  theoretic44  form  of  those  experimental  rate  constants 
constructed  for  extrapolation  to  high  temperatures.  It  is  in  good 
qualitative  agreement  with  the  experiments,  although  in  particular 
the  observed  propensity  for  F(,  F2  conservation  is  larger  than  the 
model  suggests. 

Chan  and  Daily49  have  performed  similar  experiments  pumping  a 
series  of  lower-lying  levels  (N'  —  1  to  5).  They  use  a  more  sophisticat¬ 
ed  form  of  the  state-specific  transfer  rates,  again  based  on  the  exper¬ 
imental  results  of  Ref.  37.  A  fit  of  the  model  to  ~40  observed 
populations  is  in  very  good  agreement  (~  20%  typical)  with,  pleasingly, 
little  sensitivity  to  the  precise  values  of  additional  parameters  intro¬ 
duced  beyond  the  information  theoretic  form. 

Stepowski  and  Cottereau44  have  performed  experiments  in  a  low 
pressure  flame,  where  Q«rL_l.  The  F,(7)  level  is  pumped  and 
rotationally  resolved  fluorescence  is  observed  at  successive  time  delays 
following  the  exciting  laser  pulse.  This  permits  the  determination  of 
the  time  evolution  of  the  population  distribution  governed  by  the 
same  state-specific  rate  constants.  Again,  similar  features  are  noted, 
including  good  agreement  for  the  total  energy  transfer  rate  with  the 
low-temperature  Ar  results.17  using  a  flame  diluted  with  that  gas. 

In  an  even  more  recent  experiment,47  the  excitation  is  to  a  mixture 
ofF,(l),  F2(l)and  P,(3).  Upward  transfer  to  very  high  levels  (N'>8) 
is  described  by  a  thermal  distribution  having  a  derived  temperature 
close  to  that  of  the  flame.  This  result  is  not  inconsistent  with  those  of 
Ref.  43,  in  which  transfer  to  such  high  levels  was  not  measured  for 
N'=  1  excitation. 

As  discussed  above,  the  ratio  Q/  R  forms  a  simple  measure  of  the 
degree  of  thermalization  which  occurs  in  the  excited  state  prior  to 
emission.  A  very  simple  interpretation  of  the  energy  transfer  data 
permits  the  determination  of  this  quantity.  Consider  that  rotational 
energy  transfer,  at  rate  R,  transfers  molecules  from  the  initially 
excited  level  e  into  all  other  levels,  o.  as  schematically  illustrated  in 
Fig.  S.  Levels  o  are  then  quenched  at  the  rate  Q;  back-transfer  into  e 
is  ignored.  A  steady  state  approximation  is  applied  to  N0,  the  popu¬ 
lation  of  the  pumped  levels: 


4.1.  Rotational  energy  transfer 

Most  of  the  experiments  on  energy  transfer  are  performed  in  a 
similar  way;  the  laser  is  tuned  to  excite  a  specific  level,  and  the 
fluorescence  is  dispersed  through  a  spectrometer.  From  the  intensi¬ 
ties  of  the  rotationally  resolved  lines  are  obtained  relative  popula¬ 
tions  in  each  level.  In  some  cases  a  study  of  the  time  dependence  of 
the  observed  signals  provides  the  desired  information. 

Several  groups  have  studied  rotational  energy  transfer  within  the 
v'  —  0  level  of  electronically  excited  OH.  and  the  results  are  generally 
quite  consistent.  The  observations  reveal  distinctly  state-specific 
behavior,  which  is  reasonably  well  described  using  a  rate  constant 
model  based  on  room  temperature  measurements. 

Smith  and  Crosley41  performed  measurements  in  the  burnt  gases 


dn0/dt  =  0  =  Rne  -  Qn0  (II) 

and 

Vno  =  Q/R  (12) 

The  results  for  Q/  R  determined  in  this  way  from  several  investiga¬ 
tions  are  presented  in  Fig.  6  as  a  function  of  the  rotational  quantum 
number  N’  of  the  initially  pumped  level.  (The  value  of  the  Chan  and 
Daily  experiments  is  from  our  analysis  of  a  spectrum  published 
earlier4*  by  those  authors,  and  the  value  for  the  computational 
model14  arises  from  a  similar  treatment  of  the  model  predictions  as  if 
it  were  experimental  data.)  The  error  bars,  where  shown,  are  the 
estimates  of  the  original  authors.  There  exists  impressive  agreement 
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cence  spectra3*  obtained  pumping  a  series  of  levels  m  v'  =  1.  Of 
particular  interest  is  a  marked  decrease  in  the  amount  of  rotational 
transfer  for  levels  above  the  predissociauon  limit  (see  Fig.  4),  com¬ 
pared  with  the  amount  for  levels  below  this  limit.  Additionally,  a 
smaller  amount  of  vibrational  transfer  occurs  for  the  higher  levels 
(see  next  section).  Thus,  for  these  very  high  levels,  the  behavior  of 
OH  is  tending  more  toward  the  frozen  excitation  limit.  Whether  this 
is  directly  associated  with  the  predissociation,  or  simply  the  large 
level  spacing  in  this  region,  is  not  yet  known. 

4X  VOntfonal  energy  transfer 

The  only  study  of  vibrational  energy  transfer  in  flames  is  that  of 
Smith  ami  Crosley.3*  The  levels  N'  **  I.  5.  10  and  13  of  v*  *  I  were 
pumped,  and  fluorescence  scans  taken. 

The  rotational  population  distribution  in  v'  *  I  is  dominated  by 
the  initially  pumped  level,  so  that  the  measured  vibrational  transfer 
rate  V  can  be  ascribed  to  that  level.  The  results  exhibited  a  marked 
decrease  in  V  with  increasing  N'ofv'=  1  (see  Fig.  7).  An  even  larger 


Plg.7.  V/Q  aa  a  function  of  N'  Inv* » 1.  The  line  »  drawn  to  amphaaira 
tile  Sneer  behavior  oheareed.  bin  mere  raids  no  fundamental  roooon 
known  for  sueh  e  roiodonehip. 


among  the  different  experiments;  although  different  flames  were 
used  in  some  cases,  the  measurements  were  all  made  in  the  burnt 
gases  where  a  similar  collisional  environment  exists. 

The  inert  sea  in  the  ratio  Q  /  R  with  increasing  N'  is  strikingly 
evident.  Because  quenching  is  an  exoergic  process,  transferring  large 
amounts  of  energy  away  from  the  OH,  it  is  not  a  probable  candidate 
for  N'  variation.  More  likely  to  vary  is  R.  because  transfer  with  small 
I  AN|  is  preferred  and  the  energy  separation  between  adjacent  levels 
docs  increase  linearly  with  N*.  The  only  direct  (single-collision)  mea¬ 
surements  offer  little  guidance.  These,  available  for  room  tempera¬ 
ture  and  low  S',  show  both  quenching  14  and  rotational  energy 
transfer 37  to  be  constant  over  the  range  N' «  I  to  6. 

This  variation  must  be  included  in  any  type  of  truncated-level 
approach*-**  for  treating  saturated  LIF.  Even  the  state-specific 
computational  models*41**  of  the  rotational  distributions  have 
assumed  a  constant  value  for  this  ratio,  based  on  the  room- 
temperature  experiments,  and  must  be  amended  to  provide  a  micro¬ 
scopically  realistic  description. 

Rotational  energy  transfer  in  v7 »  1  has  not  yet  been  determined 
quantitatively.  Because  the  degree  of  thermalization  is  there  gov¬ 
erned  by  the  ratio  R/(V  +  Q),  even  leu  rotational  transfer  is  expected 
to  occur.  This  is  borne  out  by  qualitative  consideration  of  fluores- 


decrease  was  observed  in  room  temperature  experiments;2  the  com¬ 
parison  provides  further  (though  not  definitive)  evidence  for  a  ro  ra¬ 
tionally  dependent  barrier  on  the  potential  energy  surface  on  which 
occurs  the  vibrational  energy  transfer. 

The  rotational  distribution  for  the  molecules  which  underwent 
transfer  to  v'wO  was  measured.  For  an  initial  N'w  1.3  and  10inv'  = 
I,  a  thermal  distribution  over  N'  in  v'  *0  was  found,  with  T  ~  2200  R 
agreeing  for  each  within  experimental  error  of  ~  100  R.  This  is 
slightly  higher  than  the  flame  temperature  of  1 900  R.  Perhaps  excess 
rotational  energy  results  from  the  loss  of  vibrational  energy.  Thermal 
distributions  with  T  higher  than  the  ambient  temperature,  but  inde¬ 
pendent  of  initial  N'  in  v'  *  I ,  were  also  found  in  the  low  temperature 
experiments. 

A  higher  temperature  (3300  ±  300  R)  was  determined  for  the 
distribution  for  the  initial  level  S'  —  13.  Again,  whether  this  is 
directly  related  to  the  predissociation  is  unknown. 

4J.  Energy  transfer  effects  on  LIF  signals 

Because  of  the  rather  coarse  rotational  structure  of  the  OH  spectrum, 
a  bandpass  of  1 3  to  30  A  for  an  LIF  experiment  using  spectrometer 
detection,  which  is  a  typical  experimental  configuration,  will  mom- 
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tor  only  certain  upper  state  levels.  For  example,  a  finite  bandpass 
centered  near  the  intense  Qj  head  of  the  (0,0)  band  will  discriminate 
against  P  and  Q  branches  of  high  N’.  Due  to  the  rotational  energy 
transfer,  which  mostly  populates  nearby  levels,  the  set  of  levels  of 
high  N'  contain  a  greater  portion  of  the  entire  upper  state  population 
when  a  level  with  high  N'  is  pumped  by  the  laser.  Thus  the  ground- 
state  populations  for  levels  of  high  N'  will  appear  anomalously  low. 
If  an  excitation  scan  across  a  series  of  rotational  lines  is  made,  the 
resulting  temperatures  derived  from  a  Boltzmann  plot  would  be  too 
low  due  to  this  effect.  Similarly,  the  OH  concentration  obtained  from 
excitation  of  an  individual  line  could  be  systematically  in  error. 

The  influence  of  energy  transfer  on  temperatures  determined  by 
LIF  with  narrowband  detection  has  been  qualitatively  investigated 
for  a  single  set  of  flame  conditions.91  The  True”  temperature  of  a 
CH4/air  is  determined  using  excitation  scans  with  a  broadband 
detector  unaffected  by  the  energy  transfer  considerations.  Smoothed 
rotational  population  distributions  obtained  from  Ref.  43  were  used 
to  generate  a  synthetic  spectrum  for  each  level  pumped,  and  to 
calculate  relative  values  of  Oe  for  a  defined  detector  center  wave¬ 
length  and  bandpass.  The  model  predictions  were  then  compared 
with  experiment  using  the  same  detector  parameters:  the  results  are 
shown  as  Boltzmann  plots  in  Fig.  8.  It  is  to  be  emphasized  that  the 
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Fig.  •.  The  effect*  of  rotational  energy  transfer  on  temperatures  mea¬ 
sured  by  UF  in  OH  are  shown  in  the  Boltzmann  plot  of  apparsnt  popula¬ 
tion.  The  distribution  observed  experimentally  by  the  broadband  runs  Is 
given  by  the  dotted  line.  The  rotational  energy  distributions  ars  used  to 
create  a  synthetic  spectrum  and  predict  the  apparent  populations  for  a 
narrowband  run.  The  corresponding  narrowband  experiment  is  shown  by 
the  data  points.  The  actual  temperature  (dashed  line)  is  1900  K  while  the 
apparent  temperature  from  the  narrowband  run  (points)  Is  1 200  K. 


model  predictions  arise  from  measurements  of  the  rotational  distri¬ 
butions,  independent  of  the  plotted  experimental  points.  That  is,  no 
fitted  parameters  are  involved,  and  the  influence  of  the  rotational 
energy  transfer  can  be  clearly  seen.  Using  narrowband  detection  can 
lead  to  errors  of  several  hundred  degrees,  if  the  transfer  is  not 
accounted  for.  An  obvious  conclusion  is  to  use  wideband  detection, 
although  in  some  cases  narrowband  detection  may  be  necessary 


because  of  interfering  species  or  to  reduce  the  background  flame 
luminosity. 

Vibrational  transfer  can  affect  signal  levels  in  a  similar  way.90 
Excitation  to  v'  =  I  and  observation  of  emission  from  molecules 
collisionally  transferred  to  v'  =  0  is  a  convenient  way  to  avoid 
scattered  laser  light.  However,  the  rate  of  vibrational  transfer  V  and 
hence  the  effective  quantum  yield  4>e  for  this  scheme  depends  on  N' 
(see  Fig.  7).  Again,  errors  of  several  hundred  degrees  can  result 
depending  on  the  range  of  N'  covered  in  the  experiment. 

An  examination91  of  previously  published  determinations92'99  of 
temperatures  from  LIF  in  OH  did  not  reveal  direct  evidence  of 
possible  energy  transfer  bias,  beyond  data  scatter,  except  perhaps  in 
Ref.  52.  In  fact  agreement  with  temperatures  measured  by  other 
means  was  achieved  in  some  cases.  Nonetheless  it  would  appear 
prudent,  in  the  light  of  the  results  expressed  in  Figs.  7  and  8,  to 
consider  possible  errors  during  experiment  design  stages.  In  an 
experiment  on  NH  in  a  CH4/N,0  flame,  using  a  10  A  detection 
bandwidth,  observed  non-Boftzmann  distributions  from  an 
excitation  scan  have  been  ascribed  to  energy  transfer. 10 

Cattolica94  has  developed  the  method  of  two-line  fluorescence,  in 
order  to  circumvent  problems  due  to  both  quenching  and  energy 
transfer  in  temperature  determinations  by  LIF.  In  this  method,  the 
molecule  is  excited  to  the  same  upper  level  fom  two  different  ground 
state  levels.  Thus  any  excited  sute  collisional  effects  will  cancel  out  in 
uking  the  ratio  of  the  fluorescence  intensities,  which  then  directly 
yields  the  ratio  of  the  two  level  populations.  The  two  ground  state 
levels  may  differ  in  routional  spacing,  with  AN  =  2  possible  in  OH 
using  a  satellite  line  as  one  pump  transition,  or  they  may  belong  to 
different  vibrational  levels;  the  choice  depends  on  the  temperature 
range  to  be  probed.  However,  if  OH  concentrations,  and  not  just 
temperatures,  are  to  be  deduced  from  the  same  measurements,  the 
collision  effects  must  be  considered. 

4.4.  Energy  transfer  as  a  flame  thermometer 
Two  attempts  have  been  made  to  change  energy  transfer  from  a 
possible  complication  into  a  useful  tool.  Each  seeks  to  exploit  the 
energy  transfer  to  determine  the  temperature  simultaneously  with 
the  OH  concentration,  in  a  single  laser  shot.  Such  information 
correlating  the  temperature  with  the  OH  density  will  be  useful  in 
validating  models  of  reactive  time  dependent  flow.  (As  in  Cattolica’s 
two-line  method,  which  is  also  suiuble  for  single  shot  measurements 
of  temperatures,  rates  must  be  known  to  determine  absolute 
concentrations.) 

Chan  and  Daily4*  measured  the  fluorescence  spectrum  following 
excitation  of  a  single  rotational  level  in  v' = 0.  The  spectra  were  fit  to 
the  model49  mentioned  above,  in  which  Chan  and  Daily  added 
several  parameters  to  a  surprisal  theory  extension  of  the  low  temper¬ 
ature  rate  constants.  In  this  study,  the  temperature  was  considered  as 
a  parameter  determined  by  fitting  the  observed  spectrum  to  the 
model.  The  sensitivity  of  the  derived  temperature  to  the  results  arises 
mostly  through  populations  of  levels  with  high  N';  these  are  populated 
through  upward  transfer  with  rate  constants  related  to  those  of  the 
downward  process  by  detailed  balancing.  Good  agreement  with 
thermocouple  measurements  over  the  range  1880  to  2010  K  was 
achieved.  Although  the  fluorescence  spectrum  was  obtained  by 
scanning  the  spectrometer  and  averaging  over  many  laser  pulses, 
single  shot  results  could  be  achieved  using  an  optical  multichannel 
analyzer  to  record  the  entire  spectrum  at  once. 

Crosley  and  Smith97  have  investigated  vibrational  energy  transfer 
as  a  flame  thermometer.  Here,  v'  =  0  is  pumped.  A  few  of  the 
molecules  undergo  transfer  upwards  to  v'  =  1.  with  a  rate  given  by 
Vexp(— AE,  kT).  This  is  obtained  from  detailed  balancing  on  the 
downward  rate.  V.  and  expressed  in  terms  of  the  vibrational  spacing 
AE.  The  molecules  in  v'  =  I  are  collisionally  removed  at  a  rate  V  +  Q. 
so  a  steady  state  balance  on  n,  yields 

n,(V  +  Q)  =  noVexp(-AE  kT)  .  (13) 

This  leads  to  an  expression  for  the  temperature 
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is  terms  of  the  measured  ratio  n,  /  Og  and  the  quantity  Q/  V.  Using  an 
avenge  value  of  V/Q  *  2.2  from  measurements  of  downward 
transfer  led  to  a  temperature  in  good  agreement  with  that  from  a 
rotational  excitation  scan.**  The  use  of  detailed  balancing,  even 
when  v*  »  0  is  not  in  rotational  thermal  equilibrium  under  these 
conditions,**  is  validated  by  the  observation**  of  common  thermal 
distributions  in  v*  *  0  following  downward  transfer  from  v'»l. 

The  vibrational  transfer  experiment,  though  actually  performed 
by  averaging  over  several  laser  pulses,  is  also  suitable  for  single-shot 
measure  menu  using  only  two  filtered  photomultipliers.  This 
requites  much  less  data  storage  and  fitting  than  does  the  rotational 
transfer  thermometry,  and  may  thus  be  advantageous  for  the  colli¬ 
sion  of  many  single-shoe  measurements  in  a  turbulent  system. 
Additionally,  no  complex  model  is  required.  On  the  other  hand,  any 
two-point  measurement  is  inherently  leu  accurate  than  one  which 
possesses  considerable  data  redundancy,  as  in  the  rotational  transfer 
thermometry  experiment,  and  a  value  for  Q/  V  is  required. 

il  Martaadonof  the  flaormcMce 

In  LIF  measurements  on  flames,  the  fluorescent  signals  are  collected 
with  some  particular  detection  geometry  (usually  90*  with  respect  to 
the  exciting  beam).  This  anisotropy  can  affect  the  effective  quantum 
yields,**  particularly  if  the  exciting  laser  is  polarized.  Essentially,  the 
emission  transition  dipole  is  parallel  to  the  absorption  transition 
dipole  in  a  collisiao-free  environment.  Molecular  rotation  reduces 
the  depee  of  anisotropy  but  does  not  remove  it.  Calculations  of  the 
degree  of  anisotropy  have  been  performed  for  OH.1*  and  they  show 
that  the  effects  can  be  large  in  the  absence  of  collisions.  For  example, 
consider  pumping  a  Q-bnnch  for  low  J  with  polarized  light  and  90s 
detection.  The  Q-branches  emitted  by  the  pumped  level  have  about 
1.4  tiaies  the  intensity  expected  for  frilly  isotropic  conditions,  while 
the  R  and  P  branches  appear  some  fifteen  percent  smaller. 

Collisiona  generally  reduce  the  level  of  polarization  (Le.,  degree  of 
anisotropy)  of  the  fluorescence,  in  two  ways.  First,  elastic  dephasing 
collisions  destroy  the  directional  polarization  effects  while  leaving 
the  molacule  in  the  same  level.  The  rate  constant  for  this  process  for 
OH  in  the  F,  ( I)  level  of  v*  *  O.  colliding  with  H2,  has  been  deter¬ 
mined**  to  be  2.4  kg  (Hj)  from  a  combination  of  energy  transfer**  and 
Hanle  effect  measurements.**  Second,  collisions  causing  transfer  to 
other  levels  can  dephase  at  the  same  time.  In  the  case  of  O  H  colliding 
with  Nj.  it  was  found**  that  emission  from  transferred  levels  wu 
completely  depolarized  (isotropic)  even  when  that  from  the  initially 
pumped  level  was  highly  polarized.  This  is  not,  however,  a  universal 
situation.  For  exampk,  rotational  energy  transfer  in  excited  S2 
molecules  caused  by  collisions  with  He  still  preserves  at  least  eighty 
percent  of  the  polarization  per  collision.** 

In  a  way  similar  to  the  effects  of  energy  transfer,  the  effects  of 
polarized  excitation  and  anisotropic  detection  on  <he  depend  on  the 
ratio  of  the  depolarizing  (dephasing)  rate  compared  to  that  of 
quenching.  If  the  former  is  not  much  larger,  and  the  Q,  P  and  R 
branches  are  observed  separately  or  with  different  detector  efficiency, 
the  fluorescence  signals  can  be  systematically  different  from  the 
levels  expected  assuming  isotropic  conditions.  Thus  errors  can  be 
introduced,  although  they  will  probably  be  small. 

Stcpowski  and  Cottereau*  have  observed  differences  in  apparent 
line  strengths,  in  qualitative  accord  with  the  predictions.1*  for  rota- 
tionalty  resolved  fluorescence  is  their  low-pressure  (20  torr)  flame. 
Polarization  of  LIF  in  an  atmospheric  pressure  flame  has  not  been 
measured. 


*nw  vitae  repotted  ui  Ref.  57  was  band  on  V  Q  *  0  4.  ntimaiM  from  bimoltcuiar  tin 
constants.  u4  is  treonsous.  Apparently  CO  tad  CO,  nmdlv  quench  but  cam*  iutle 

vibnuoata  irenafer. 


5.  CONCLUSIONS 

In  this  review  we  have  attempted  to  consider,  in  a  fairly  comprehen¬ 
sive  way,  collisiona!  effects  which  are  known  (or  at  least  conjectured) 
to  influence  the  magnitude  and  1  or  spectral  form  of  LIF  signals  in 
combustion  systems.  We  have  seen  that  a  quantitative  treatment 
must  account  for  quenching  and.  for  some  situations,  include  a 
state-to-state  description  of  energy  transfer.  In  some  cases  this  may 
be  very  difficult,  due  to  the  lack  of  certain  rate  constants  or  a  detailed 
characterization  of  the  collisional  environment 

These  considerations  are  important  and  further  research  is 
needed  to  place  them  on  a  still  firmer  foundation.  However,  in  spite 
of  them,  LIF  remains  a  very  powerful  and  useful  tool  for  combustion 
studies.  Quenching  can  be  treated  in  laboratory  flames  through 
calculation,  calibration,  or  direct  lifetime  measurements.  In  the 
future  we  expect  that  saturation  spectroscopy  in  OH  can  be  made 
reasonably  quantitative  for  certain  definable  ranges  of  conditions,  if 
the  ground  state  energy  transfer  is  addressed  experimentally. 

In  particular,  it  is  important  to  recognize  that  LIF  is  predominate¬ 
ly  a  tool  for  the  understanding  of  combustion  chemistry.  Most 
investigations  of  this  topic  are  (and  should  be)  performed  in  labora¬ 
tory  flames,  where  the  collisional  environment  can  usually  be  charac¬ 
terized  if  necessary.  However,  even  when  it  is  unable  to  furnish 
accurate  absolute  concentration  measurements,  LIF  can  still  provide 
crucial  information  about,  and  insight  into,  the  pertinent  chemical 
networks.  The  evidence  may  be  ratios  of  concentrations  of  two  or 
more  intermediates,  relative  profiles  or  rates  of  change  in  certain 
zones,  or  just  the  detection  of  some  key  species  even  with  large  error 
ban.  A  simple  example  is  thc[NH]/[OH]  measurement  in  CH4;  N20 
flames.  Clearly,  with  the  proper  design  of  the  experimental  ques¬ 
tions,  useful  and  important  results  can  be  obtained  well  in  advance  of 
a  full  quantative  characterization  of  all  the  collisional  effects. 
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Two-photon  absorption  is  used  to  populate  the  3p  JP  state  of  O  and  the  2sJ2pl3p4D°  state  of  N  in  a  flow  discharge. 
Exciting  photons  are  produced  by  anti-Stokes  Raman  frequency  conversion  of  tunable  UV  laser  radiation;  the  resulting 
near  IR  fluorescence  from  the  excited  state  yielded  lifetimes,  quenching  rates,  and  relative  two-photon  transition  probabil¬ 
ities. 


New  methods  for  the  selective  excitation  of  high- 
lying  states  in  atoms  continue  to  become  possible 
with  the  ever-increasing  variety  of  laser  sources  and 
techniques.  These  state-selective  excitation  tech¬ 
niques  allow  the  determination  of  a  variety  of  new 
fundamental  information  concerning  the  spectro¬ 
scopic  and  collisional  properties  of  atoms.  We  describe 
here  the  first  observation  of  laser-induced  fluorescence 
in  oxygen  and  nitrogen  atoms,  excited  by  two-photon 
absorption  in  the  ultraviolet  Although  two-photon 
absorption  has  been  previously  used  to  excite  high- 
lying  states  in  atoms  [1—3] ,  the  recent  availability 
of  widely-tunable  narrow-band  radiation  in  the  UV, 
as  exploited  in  this  study,  opens  up  the  possibility  of 
experiments  on  a  broad  number  of  atomic  and 
molecular  species  and  excited  states.  In  particular, 
this  technique  of  two-photon  laser-induced  fluores¬ 
cence  can  provide  structural  and  collisional  informa¬ 
tion  about  the  excited  states  of  important  atomic 
radicals.  For  example,  lifetimes,  quenching  rates  and 
relative  two-photon  transition  probabilities  are  de¬ 
termined  here  for  excited  states  in  0  and  N  atoms. 

In  addition,  the  technique  holds  considerable  promise 
as  a  diagnostic  tool  for  detecting  these  elusive  atomic 
species  at  low  concentration  in  systems  such  as 
flames  and  plasmas.  One  example  of  this  application 
is  the  proposal  [4,3]  to  remotely  detect  oxygen 

*  Prevent  address:  Quinta-Ray,  Inc.,  Mountain  View, 
California,  USA 


atoms  in  the  upper  atmosphere  using  the  two-photon 
transition  experimentally  observed  here. 

In  fig.  1  are  shown  the  energy  levels  [6]  involved 
in  the  experiment  for  both  0  and  N.  In  each  case,  the 


OXYGEN 


NITROGEN 


Fig.  1.  Relevant  energy  levels  for  the  two-photon  excitation 
of  atomic  oxygen  and  nitrogen. 
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atom  is  raised  to  the  first  electronically  excited  state 
of  the  same  symmetry  and  multiplicity  as  the  ground 
state,  through  the  absorption  of  two  ultraviolet 
photons  of  equal  wavelength.  The  atom  then  emits 
an  infrared  photon  in  a  transition  terminating  on  an 
excited  state  of  opposite  symmetry  ;  in  this  case  it 
happens  to  be  the  upper  state  of  the  main  resonance 
line  of  the  species.  Detection  of  this  photon  forms  the 
observed  signal.  Similar  schemes  can  be  designed  for 
other  atoms  (e.g.  H,  C,  S,  F)  and  for  higher-lying 
electronic  states. 

The  laser  radiation  at  the  required  wavelengths  is 
provided  by  anti-Stokes  Raman  shifting  [7]  of  fre¬ 
quency  doubled,  tunable  dye  laser  radiation.  Radia¬ 
tion  of  energy  *20  mJ  per  8  ns  pulse  at  3 14  nm 
(0  atoms)  or  286  nm  (N  atoms)  is  directed  into  a  cell 
containing  *10  atm  of  Hj.  A  Pellin—  Brocha  prism 
separates  the  several  shifted  wavelengths,  and  the  de¬ 
sired  third  anti-Stokes  component  at  226  nm  (0  atoms) 
or  21 1  nm  (N  atoms),  having  *30  /J  pulse  energy,  is 
focused  into  the  experimental  cell.  Here,  N  atoms 
are  produced  by  a  standard  flow  discharge,  dissociating 
Nj  in  a  He  +  SF6  buffer  gas  mixture  at  *  10  Torr 
total  pressure.  0  atoms  are  produced  by  a  down¬ 
stream  titration  [8]  of  the  N  atoms  with  NO.  The 
atom  densities  are  estimated  from  the  titration  to  be 
(1—5) X  1014  cm-3.  Wavelength  calibration  and 
measurement  of  the  linewidth  of  the  Raman-shifted 
radiation  is  furnished  by  single-photon  excitation 
scans  of  the  (0,0)  band  of  the  y  system  of  NO.  The 
linewidth  of  the  third  anti-Stokes  component  of  the 
Raman  shifted  laser  was  measured  from  the  excitation 
lineshape  to  be  *0.3  cm-1. 

The  UV  radiation  is  focused  into  the  experimental 
cell  using  a  6  inch  suprasil  lens,  and  is  then  moni¬ 
tored  by  a  fast  photodiode  to  provide  an  intensity 
normalization  for  the  near  IR  fluoresence  signal. 

The  near  IR  fluorescence  from  the  two-photon 
excited  state  is  focused  (f/2  collection  optics) 
through  a  filter  ( T  *  50%)  into  a  photomultiplier 
having  high  (*15%)  quantum  efficiency  in  the  850  nm 
region.  Following  preamplification,  a  fast  gated  inte¬ 
grator  (2  ns  gate)  averages  the  signal  over  typically 
10  pulses;  the  results  are  read  out  on  a  chart  recorder. 
Typical  signal  levels  for  *10  of  incident  third 
anti-Stokes  laser  light  were  *100  photons/pulse  inte¬ 
grated  over  the  lifetime  of  the  excited  state  and  scale 
as  the  square  of  the  laser  intensity. 


The  two-ohoton  absorption  cross  section  may  be 
written  [9J ,  for  a  transition  from  the  ground  state 
with  angular  momentum  J ^  to  an  excited  state  /e,  as 


<yelr-UjX/,lrl/g>! 


2 

gi  2*'j), 


(1) 


where  the  term  i  runs  over  all  single-photon-accessible 
states,  vt  andgf2vj)  are  the  laser  frequency  and  nor¬ 
malized  lineshape  function  for  the  atomic  transition, 
respectively,  and  A£,  =  £,  -  hvt.  If  the  laser  line- 
width,  Avg,  is  much  larger  than  the  atomic  Doppler 
width,  theng(2t's)  can  be  approximated  [10]  by 
(21/2  Avg)-1.  For  the  P-*  P  transition  in  O,  the  inter¬ 
mediate  state  could  be  either  an  S  or  a  D  state  but 
for  N,  which  is  S  -*  D,  it  must  be  a  P  state.  Because 
of  the  energy  denominator  A£,  and  the  strong  oscil¬ 
lator  strengths  involved  in  the  pertinent  single-photon 
transitions,  the  bulk  of  the  intermediate  state  con¬ 
tribution  comes  in  each  case  from  the  same  state 
which  is  the  terminus  of  the  infrared  emission  (see 
fig.  1).  The  assumption  that  this  constitutes  the  entire 
contribution  permits  the  calculation  of  a  for  different 
fine-structure  components,  using  standard  angular 
momentum  coupling  schemes. 

For  0,  the  ground-state  fine-structure  components 
are  well- separated  on  the  scale  of  Avt,  but  the  upper- 
state  splitting  is  of  the  order  of  Aj>e  and  is  thus  unre¬ 
solved.  Fig.  2  exhibits  excitation  scans  originating 
from  Jg  *  0,  1  and  2  of  the  ground  3P  state.  We  con¬ 
sider  the  states  to  be  thermally  populated  and  deter¬ 
mine  the  temperature  within  the  discharge  using  the 
excitation  scan  in  NO.  The  integrated  intensities  from 
fig.  2  then  yield  equal  two-photon  absorption  cross 
sections  for  the  three  fine-structure  ground  states 
within  our  experimental  error  of  *10%.  The  simple 
coupling  scheme  predicts  equal  intensities,  as  does  the 
more  sophisticated  treatment  [4]  which  also  esti¬ 
mates  contributions  from  other  /,  to  be  *5%. 

For  N,  there  exists  only  one  ground-state  compo¬ 
nent  but  four  resolved  upper-state  levels  of  4D, 

J  *  7/2,  5/2,  3/2  and  1/2.  Because  the  intermediate 
state  must  be  4P,  the  simple  calculations  should  apply  ; 
they  yield  aj  values  in  respective  ratios  4:3:2:  1. 

The  values  for  the  relative  transition  probabilities 
measured  in  our  experiment  agree  with  this  predic¬ 
tion  to  better  than  10%. 

Considering  only  the  single  intermediate  state  and 
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Fig.  2.  Typical  signals  obtained  by  scanning  the  oxygen 
atom  fine-structure  two-photon  transitions.  The  asymmetry 
observed  in  the  line  profiles  is  due  to  the  fact  that  the  upper- 
state  fine  structure  is  unresolved.  The  strengths  and  positions 
of  these  unresolved  transitions  are  indicated  by  the  bar  graph. 

using  tabulated  transition  moments  [1 1] ,  an  effective 
a  for  our  An  *  0.3  cm-1  can  be  theoretically  esti¬ 
mated  from  eq.  (1)  to  be  o  *  3  X  10“ 28  cm4/W  for 
O  atoms  for  the  3p2  "*  3p2,l,0  two-photon  transition. 
This  value  is  consistent  with  the  value  given  in  ref.  [4] 
for  this  transition.  For  nitrogen  atoms,  we  estimate  a 


cross  section  for  the  4^7/2  two-photon  transi¬ 

tion  of  =  2.4  X  10“ 28  cm4/W,  when  the  4P  —  4D° 
transition  moment  is  derived  from  our  measured  4D° 
excited-state  lifetime  of  20  ns.  This  leads  to  a  theo¬ 
retical  cross  section  ratio  o^Iolq  *  0.85,  while  experi¬ 
mentally  we  observe  a  ratio  of  M).5.  This  is  good 
agreement  for  our  estimated  experimental  error  of 
±25%. 

Absolute  signal  estimates,  assuming  gaussian  beam 
propagation,  a  two-photon  absorption  cross  section 
from  eq.  (1),  and  a  simple  rate  equation  model  [3] 
for  the  excited-state  density,  give  signal  levels  which 
are  a  factor  of  10— 100  larger  than  the  observed  levels. 
This  discrepancy  is  currently  under  investigation  and 
probably  results  from  poor  third  anti-Stokes  beam 
quality. 

The  use  of  the  gated  integrator  in  the  scanning 
mode  allowed  measurements  of  the  excited-state  life¬ 
time.  Such  measurements  have  been  made  for  both 
atoms.  The  laser  pulse  width  was  separately  scanned 
using  the  signal  from  a  fast  photodiode  so  that  its 
effects  could  be  deconvoluted  from  signals  with  fast 
time  decays.  In  fig.  3  is  shown  a  plot  of  the  effective 


Fig.  3.  Plot  of  the  inverse  of  the  excited-ttate  lifetime  for 
oxygen  as  a  function  of  pressure  of  N3. 
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decay  rate  of  the  3p  3P  state  of  0  as  a  function  of  N2 
pressure.  For  0  atoms,  the  intercept  gives  a  radiative 
lifetime  of  r  *  39.1  ±  1.4  ns  which  can  be  favorably 
compared  to  a  tabulated  value  [11]  of  3 6  ns.  The 
slope  yields  a  quenching  rate  for  collisions  with  N2, 
kq  » (2.5  ±  0.1)  X  10“ 10  cm3/s.  Similar  measure¬ 
ments  on  the  3p4D7/2state  of  N  result  in  a  lifetime 
r  *  27  ±  3  ns  and-  a  quenching  rate  of  *q(N2)  * 

(2.4  ±  0.6)  X  10~10  cm3/s.  Comparing  to  the  tabu¬ 
lated  [11]  N-atom  lifetime  of  r  *  52.3  ns,  we  see 
that  the  value  measured  in  this  experiment  is  con¬ 
siderably  smaller.  Other  sources  for  quenching  the 
excited  state,  such  as  the  10  Torr  helium  buffer, 
have  been  checked  and  found  to  have  no  effect  on 
the  excited-state  lifetime.  Since  the  measurement  of 
the  oxygen  atom  lifetime  gave  the  tabulated  result 
for  similar  experimental  conditions,  we  have  confi¬ 
dence  in  our  measured  value. 

It  is  clear  that  this  method  of  two-photon  excita¬ 
tion  of  fluorescence  can  be  extended  to  other  states 
and  to  other  species  as  well,  for  the  determination 
of  structural,  radiative  and  collisional  properties  For 
example,  excitation  of  each  4D/  state  of  N  in  con¬ 
junction  with  spectrally  resolved  emission  to  4P j 
would  permit  die  measurement  of  statc-to-state  col¬ 
lision  cross  sections,  as  has  been  done  for  Na  using 
two-photon  excitation  in  bulb  experiments  [12]  and 
flames  [13]. 

Important  also  is  the  potential  which  this  method 
possesses  as  a  diagnostic  tool  for  the  sensitive  detec¬ 
tion  of  transient  atomic  species  present  at  low  con¬ 
centration,  as  in  plasmas  and  flames.  It  would  be  par¬ 
ticularly  useful  for  experimental  conditions  which 
render  atomic  detection  by  VUV  resonance  fluores¬ 
cence  impossible  to  implement  due  to  absorption  of 
the  VUV  light  The  wavelengths  used  here  readily 
propagate  through  the  atmosphere  and  through  flame 
gases. 

Oxygen  atom  profiles  at  concentrations  of 
*1017  cm-3  have  recently  been  determined  in  a 
hydrogen/ oxygen  flame  using  spontaneous  Raman 
scattering  [14]  and  even  more  recently  using  coher¬ 
ent  anti-Stokes  Raman  scattering  [15] .  Oxygen 
atoms  have  also  been  observed  at  101S-1016  cm-3 
in  a  discharge  flow,  using  intracavity  dye-laser  ab¬ 
sorption  on  the  3Pj>2  -*  lD2  transition  [16] .  Two- 
photon  excitation  can  be  considerably  more  sensitive 
than  these  methods.  From  the  signal  strengths  observed 
in  our  experiments  and  the  measured  quench  rates  with 
N2 ,  we  estimate  that  a  modest  improvement  in  beam 
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quality  and  laser  energy  to  *1  mJ/pulse  would  permit 
part-per-million  level  of  detection  of  0  and  N  atoms 
in  atmospheric  pressure  flames,  and  allow  concentra- 
tiondof  »I031  cm-3  to  be  detected  under  low-pres¬ 
sure  conditions. 

In  summary,  we  have  used  tunable,  Raman-fre- 
quency-shifted  laser  excitation  for  the  two-photon 
excitation  of  fluorescence  in  0  and  N  atoms.  The 
method  is  a  general  one  both  promising  fundamental 
information  on  a  number  of  species  and  possessing 
considerable  potential  as  a  diagnostic  tool. 
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Detection  of  fluorescence  from  0  and  N  atoms  induced  by 
two-photon  absorption 

William  K.  Bischel,  Bryce  E.  Perry,  and  David  R.  Crosley 


The  3 p  3P  state  of  0  and  the  2t22p23p  *D°  states  of  N  are  populated  by  two-photon  absorption  at  226  and 
21 1  nm,  respectively,  and  the  resulting  near-IR  fluorescence  is  detected.  The  exciting  photons  are  provided 
by  stimulated  Raman  frequency  shifting,  and  the  experiments  are  performed  in  a  flow  discharge.  The  mea¬ 
sured  lifetime  of  39  (0)  and  27  (N)  nsec  and  quenching  rate  constants  of  2.5  x  10~>ocm~3sec~l  for  collisions 
of  Nj  with  each  atom  indicate  promise  for  this  method  as  a  diagnostic  tool  in  flames  and  plasmas. 


I.  Introduction 

Oxygen  and  nitrogen  atoms  play  an  important  role 
in  the  chemistry  of  a  number  of  processes,  such  as 
combustion,  plasmas,  and  the  atmosphere.  It  would, 
therefore,  be  desirable  to  detect  them  in  their  ground 
electronic  states  using  optical  means.  Doing  so  by 
conventional  resonance  absorption  or  fluorescence 
techniques  poses  a  severe  problem,  however,  for  their 
first  resonance  transitions  fall  far  into  the  VUV  and  can 
be  observed  only  in  cells  specially  constructed  to  pass 
such  wavelengths.  Atmospheric  and  flame  gases  and 
quartz  windows  are  opaque  to  such  radiation. 

Oxygen  possesses  several  low-lying  electronic  states: 
a  ground  3Pj  state  and  a  1D2  state  ~2  eV  higher.  This 
structure  has  recently  been  exploited  for  detection 
pertinent  to  combustion  studies.  Both  spontaneous1 
and  coherent2  Raman  scattering  on  the  3Pg  -*  3Plt0 
levels  have  been  observed  for  O  atoms  in  an  H2/O2 
flame,  and  intracavity  laser  absorption  on  the  forbidden 
3P 2,1  -*■  lD2  transition3  has  been  detected  in  a  flow 
system.  Each  of  these  pioneering  experiments  dem¬ 
onstrates  the  capability  of  nonintrusive  in  situ  moni¬ 
toring  of  0  characteristic  of  many  laser  diagnostic 
methods4  but  does  possess  some  limitations.  In  the 
Raman  techniques,  low  signal  levels  and  interference 
from  O2  (and  potentially  other  species)  make  necessary 
long  acquisition  times,  and  the  intracavity  absorption 
is  a  line-of-sight  technique. 
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Nitrogen  atoms,  on  the  other  hand,  possess  no  nearby 
electronic  states  furnishing  the  possibility  of  either 
Raman  or  intracavity  detection. 

We  describe  here  a  new  means  of  detection  of  both  O 
and  N,  minor  modifications  of  which  are  suitable  for 
other  species,  including  H,  C,  and  F.  (Pertinent 
wavelengths  for  these  atoms  are  tabulated  in  Table  I, 
and  others  are  given  in  Ref.  5.)  The  scheme  is  illus¬ 
trated  in  Fig.  1.  Two-photon  absorption  from  a  UV 
laser  beam  is  used  to  populate  the  first  excited  state  of 
the  same  symmetry  as  the  ground  state,  which  then 
radiates  in  the  near  IR  and  is  thus  detected.  This 
two-photon  absorption  transition  in  O  has  been  treated 
theoretically,6,7  and  the  scheme  has  been  proposed  for 
lidar  detection  of  stratospheric  O  from  a  balloon  plat¬ 
form.8  Briefer  accounts  of  our  own  studies  have  ap¬ 
peared  elsewhere,9  and  similar  experiments  have  now 
been  performed  on  hydrogen10  and  carbon.11 

The  experiments  were  performed  in  a  low-pressure 
flow  discharge.  Lifetimes  and  quench  rates  for  colli¬ 
sions  with  N2  were  measured  to  determine  the  feasibility 
of  the  two-photon  excitation  as  a  diagnostic  technique. 
We  estimate  that  (realistic)  improvements  in  beam 
quality  and  energy  would  permit  detection  down  to 
perhaps  parts  per  million  levels  at  atmospheric  pressure, 
apparently  much  more  sensitive  than  for  the  Raman  or 
intracavity  absorption  methods.  On  the  other  hand, 
the  creation  of  a  real  emitting  excited  state  with  a  finite 
lifetime  demands  that  the  collisional  quenching  rate, 
within  the  system  probed,  be  known  for  accurate  con¬ 
centration  measurements.  This  poses  limitations  on 
absolute  accuracy,  although  the  situation  is  likely  to  be 
more  favorable  for  atom  detection  than  for  molecular 
measurements.12 

The  exciting  photons  are  provided  by  stimulated 
Raman  frequency  shifting13  of  relatively  intense  tunable 
UV  laser  radiation.  Although  the  necessary  wavelength 
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for  0  (228  nm)  could  b«  generated  by  direct  frequency 
doubling  or  mixing  in  crystal*,  that  needed  for  the  N 
atoms  (211  nm)  is  beyond  the  absorption  edge  of  the 
standard  crystals.  Thus  these  experiments  additionally 
demonstrate  the  utility  of  the  Raman  shifting  method, 
which  we  anticipate  will  be  increasingly  exploited  for 
the  generation  of  these  and  shorter  wavelengths  in  the 
near  future. 
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II.  Experimental  Details 

In  this  section  we  describe  the  apparatus  used  for  the 
experiment  and  the  measurements  made.  Figure  2  is 
a  schematic  diagram  of  the  overall  setup  showing  the 
laser  wavelengths  pertinent  to  the  oxygen  atom  exper¬ 
iments. 

A.  Flow  System  and  Atom  Production 

The  discharge  flow  cell  used  is  standard  for  such  atom 
production.  A  mixture  of  N$  seeded  into  — 10-Torr  He 
is  passed  through  a  2450-MHz  discharge  to  produce  N 
atoms.  It  was  found  that  soiling  the  He  by  addition  of 
5-10  mTorr  of  SF*  enhanced  the  N  atom  production 
efficiency  considerably  in  accord  with  the  general  lore 
for  this  technique.  In  the  experiments  on  the  .V  atoms 
themselves,  the  products  of  the  discharge  passed 
through  — 1  m  of  glass  tubing  into  a  blackened  Wood's 
horn  cell  containing  an  exit  window  for  the  laser  ra¬ 
diation;  a  moderate  speed  pump  maintained  a  contin¬ 
uous  flow.  Gas  pressures  were  measured  with  a  Bara- 
tron  gauge. 

For  the  0  atom  experiments,  NO  was  added  a  few 
centimeters  downstream  of  the  discharge.  The  reaction 
NO  +  N  -•  0  +  N*  is  used  to  produce  the  oxygen  atoms 
quantitatively,  and  it  can  be  followed  by  chemilumi¬ 
nescence:  a  red  glow  due  to  N  +  N  radiative  recombi¬ 
nation  dominates  below  the  titration  point  (where  the 
concentration  of  added  NO  equals  the  initial  N  con¬ 
centration);  a  very  faint  deep  violet  color  due  to  NO  near 
the  titration  point;  and  a  bright  greenish  yellow  glow 
from  0  +  NO  —  NOj  in  the  presence  of  excess  NO. 
These  characteristics  corresponded  well  to  the  disap¬ 
pearance  of  the  N  atom  signal  observed  in  the  experi¬ 
ments.  From  the  value  of  the  amount  of  added  NO  at 
the  titration  point,  we  obtain  the  atom  concentrations; 
most  of  the  experiments  were  conducted  at  atom  con¬ 
centrations  of  3-10  X  1013  cm-3. 

For  the  measurement  of  0  fine  structure  transition 
probabilities,  it  was  necessary  to  know  the  temperature 
within  the  flow  system.  For  this  purpose,  NO  was 
added  in  excess,  and  the  IR  filter  used  for  the  atom 
fluorescence  was  replaced  by  a  UV  filter.  A  few  ang¬ 
stroms  from  the  0  atom  wavelengths  lies  the  P i  head 
of  the  (0,0)  band  of  the  7  system  (A2Z*  -  X5II)  of  NO. 
An  excitation  Kan  through  this  head  and  neighboring 
Pi  and  Qi  lines  is  shown  in  Fig.  3.  These  intensities 
were  used  to  obtain  a  rotational  temperature  for  the  NO; 
the  results  confirmed  that  the  flow  gases  were  at  room 
temperature  with  the  microwave  discharge  either  on  or 
off. 

B.  Frequency  Conversion 

The  UV  wavelengths  used  in  these  experiments  were 
generated  using  stimulated  Raman  shifting,  also  known 
as  multiwave  parametric  Raman  Kattering.  This 
technique  is  based  on  many-order  anti-Stokes  (AS) 
stimulated  Raman  scattering  in  molecular  hydrogen 
and  has  been  recently  studied  experimentally  in  our 
laboratory1314  and  elsewhere  as  well  as  theoretically.15 1S 
These  experimental  studies  have  demonstrated  good 
conversion  efficiencies  in  the  UV  for  such  a  high-order 
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Fig.  3.  Excitation  scan  through  the  Pi  and  Qi  branches  of  the  (0,0)  band  of  the  NO  7  system  near  2263  A,  showing  the  linewidth  of  the  third 
anti-Stokes  component  as  well  as  serving  as  a  thermometer.  The  frequency  given  is  -44000. 


nonlinear  process  and  indicate  that  the  technique  holds 
promise  for  the  routine  production  of  VUV  radiation. 
In  this  section  we  present  a  brief  description  of  the 
frequency  conversion  process  along  with  details  of  our 
experience  with  it. 

A  high-power  doubled  dye  laser  operating  at  314  nm 
is  focused  into  a  cell  containing  hydrogen  at  ~6-8  atm 
(Fig.  1),  and  the  resulting  nonlinear  process  produces 
a  series  of  lines  separated  from  the  pump  wavelength 
by  the  fundamental  vibrational  frequency  of  the  Hg  (vr 
*  4155  cm-1).  The  conversion  efficiency  into  these 
sidebands  can  be  very  high,  and  in  many  cases  the  pump 
energy  is  depleted  by  more  than  50%.  The  light 
emerging  from  the  cell  is  recollimated,  and  the  various 
Stokes/anti-Stokes  orders  are  separated  for  use  in  ex¬ 
periments  using  a  quartz  Pellin-Broca  prism.  The 
process  can  be  divided  into  two  parts:  generation  of  the 
first  Stokes  wave  v,  m  (vp  -  vr)  by  stimulated  Raman 
scattering,  and  the  generation  of  the  anti-Stokes  wave 
by  four-wave  mixing  v„  *  (vp  +  vr).  The  Stokes  wave 
is  produced  in  a  gain  process  that  builds  up  from  noise 
and  hence  has  a  threshold  dependence  on  laser  pump 
energy.  Once  this  wave  has  developed  an  intensity 
comparable  with  the  pump,  it  can  interact  with  the 
pump  frequency  via  the  third-order  nonlinear  suscep¬ 
tibility  x3  to  produce  the  anti-Stokes  beam  in  a  four- 
wave  mixing  process.  Stokes  orders  are  also  produced 
by  this  process.  It  can  be  shown  that  this  latter  process 
does  not  have  a  threshold,  and  in  the  low-gain  limit  the 
anti-Stokes  intensity  in  proportional  to  |  x3l  2/j&-  Once 
the  anti-Stokes  wave  becomes  strong,  it  can  mix  with 


the  pump  to  produce  the  second  anti-Stokes  wave  and 
so  on.  Theoretical  analysis  of  this  process15  becomes 
extremely  complicated  when  many  waves  are  involved 
in  the  problem.  For  example,  in  a  system  containing 
eight  anti-Stokes  and  three  Stokes  orders,  the  frequency 
of  the  third  anti-Stokes  line  can,  in  principle,  result  from 
twenty-two  different  mixing  processes  among  waves 
propagating  in  the  medium. 

Our  experimental  application  uses  the  third  anti- 
Stokes  order  for  the  detection  of  both  O  and  N  atoms. 
For  a  pump  laser  energy  of  15-20  mJ  at  314  nm  we 
typically  obtain  50-100  mJ  at  226  nm.  This  conversion 
efficiency  of  ~0.5%  into  the  third  order  is  critically  de¬ 
pendent  on  the  pump  laser  beam  quality.  If  consider¬ 
able  care  is  taken  in  the  laser  alignment,  we  can  attain 
over  1%  conversion  efficiency  with  our  commercial 
system.  We  have  observed  the  interesting  and  useful 
fact  that  the  above  conversion  efficiency  was  obtained 
when  both  the  doubted  dye  (15  mJ)  and  the  dye  fun¬ 
damental  beams  (70  mJ)  were  focused  into  the  hydrogen 
cell. 17  If  only  the  doubled  dye  is  focused  into  the  cell 
at  the  same  energy,  the  conversion  efficiency  drops  by 
a  factor  of  3-5.  This  dependence  of  the  conversion  ef¬ 
ficiency  on  the  presence  of  a  high-intensity  nonresonant 
wave  is  not  understood  at  this  time.  Theoretical 
treatments  of  this  process  (nonlinear  mixing)1516  in¬ 
dicate  that  the  conversion  efficiency  depends  on  all 
injected  waves  and  that  it  perhaps  is  enhanced  by  the 
presence  of  an  additional  nonresonant  wave. 

It  is  of  primary  importance  to  know  the  bandwidth 
of  the  anti-Stokes  emission  if  this  radiation  is  to  be  used 


in  practical  experiment*.  Prom  a  consideration  of  the 
four-wave  mixing  processes,  the  bandwidth  should  be 
the  same  as  the  IJV  pump  laser  bandwidth,  unleu  some 
other  nonlinear  mechanism  such  as  self-phase  modu¬ 
lation  broadens  the  frequency  spectrum  of  the  AS 
waves.  We  have  addressed  this  question  by  scanning 
the  third  AS  order  at  226  nm  through  the  bands  of  NO. 
This  scan  has  been  given  in  Fig.  3.  We  observe  a 
FWHM  of  0.30  cm-1  for  an  isolated  rotational  line  that 
should  have  a  Doppler  width  of  0.10  cm*1.  If  we  as¬ 
sume  a  Gaussian  distribution  for  the  laser  linewidth,  we 


•1.0  -0.5  0  0.3  1.0 

LASER  FREQUENCY  (cm'1) 


Fif.  4.  Excitation  Kan*  through  tach  of  th*  0  3Pj  transition*.  Th* 
stick  diagram*  corratpond  to  th*  expected  positions  of  th*  upper  sum 
component*.  Th*  laser  frequency  i*  in  cm*1:  not*  chat  th*  fain  in¬ 
crease*  from  top  to  bottom. 


can  extract  the  laser  linewidth  using  the  deconvolution 
formula  Ai't  •  *  -  A^)l/2  ■  0.28  cm"1.  This  laser 

linewidth  is  the  same  as  we  have  measured  for  the 
doubled  dye  laser  by  scanning  it  through  an  isolated 
absorption  line  in  OH  at  314  nm.  We,  therefore,  con¬ 
clude  that  for  a  resolution  limit  of  —0.1  cm-1,  we  see  no 
broadening  of  the  anti -Stokes  emission.  This  measured 
linewidth  of  0.3  cm*1  gives  an  effective  resolution  for 
the  two-photon  experimenta  of  0.5  cm-1,  in  agreement 
with  our  observations. 

It  is  important  to  remember  that  the  two-photon 
absorption  crou  section  depends  linearly  on  the  laser 
linewidth  when  it  is  much  larger  than  the  linewidth  in 
the  two-photon  transition.  If  the  UV  pump  at  226  nm 
is  created  by  mining  doubled  dye  with  the  fundamental 
YAG  at  1060  nm,  care  muat  be  taken  to  ensure  that  the 
YAG  laser  has  a  linewidth  comparable  with  the  dye  laser 
to  obtain  the  highest  0  atom  detection  sensitivity. 

C.  Fluorescence  Measurements 

The  fluorescence  was  collected  from  the  cell  at  right 
angles  to  the  laser  beam  with  a  fast  (// 2)  Suprasil  lens 
and  focused  through  a  filter  onto  a  photomultiplier  with 
high  naer-IR  sensitivity  (RCA  C31034A).  In  some  early 
experiments,  a  small  (0.35-m)  monochromator  served 
as  the  filter  this  was  scanned  to  verify  that  the  observed 
fluorescence  was  at  the  proper  wavelengths.  In  later 
runs  the  monochromator  was  replaced  by  appropriately 
chosen  glass  or  interference  filters  with  —20%  trans¬ 
mission  at  the  fluorescence  wavelengths. 

Th*  signal  passed  through  a  Cast  gain- 10  preamplifier 
and  into  a  boxcar  integrator  with  narrow-gate  capability 
(PAR  model  165).  Used  in  a  gate  scanning  mode,  this 
permitted  lifetime  determinations  down  to  the  limit 
where  the  laser  UV  pulse  length — separately  obtained 
from  fast  photodiode  measurements  to  be  7  nsec — 
precluded  measurement  of  more  rapid  decays.  A  por¬ 
tion  of  the  laser  beam  which  passed  through  the  cell  was 
split  off  into  the  photodiode,  and  the  resulting  signal 
was  fed  to  the  other  boxcar  channel  to  serve  as  a  laser 
amplitude  monitor.  Because  of  the  nonlinear  depen¬ 
dence  of  the  signal  level  on  laser  power,  electronic  ra- 
tioing  was  not  undertaken;  rather  runs  were  scrapped 
when  the  drift  in  laser  power  over  a  scan  precluded 
quantitative  results. 

Figure  4  shows  an  excitation  scan  over  each  of  the 
three  fine  structure  components  of  the  O  atom  transi¬ 
tion.  Here,  as  with  most  of  the  intensity  runs,  an  av¬ 
erage  over  60  pulses  (6-sec  time  constant)  was  used. 
Very  little  background  was  observed  (—1%  of  the  peak 
signal);  the  noise  arises  from  laser  power  fluctuations. 
A  small  variation  in  the  original  Nd:YAG  IR  amplitude 
causes  a  large  variation  in  the  signal  due  to  the  nonlinear 
nature  of  the  several  frequency  conversion  steps  ( Fig. 
2)  and  the  two-photon  absorption  itself. 

The  laser  beam  was  attenuated  with  a  series  of 
screens  for  a  measurement  of  the  dependence  of  the  JP  > 
signal  on  laser  power.  The  results  are  shown  in  the  form 
of  a  log-log  plot  in  Fig.  5.  The  fitted  slope  is  2.6  ±  0.2 
(the  steeper  line  in  the  figure),  although  the  errors  as¬ 
sociated  with  each  datum  do  not  preclude  a  quadratic 
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LASER  POWER 

Fig.  5.  Relative  signal  vs  relative  laser  intensity  for  the  O  (3P2)  ex¬ 
citation.  The  taro  lines  are  at  the  fitted  slope  2.6  ±0.2  and  a  slope  of 
2  corresponding  to  strictly  quadratic  behavior. 

dependence  (the  other  line).  Even  though  one  more 
UV  laser  photon  is  easily  able  to  ionize  either  atom  from 
its  excited  state.  Fig.  5  shows  that  laser  ionization  does 
not  constitute  an  appreciable  removal  rate  in  our  ex¬ 
periment;  if  that  had  been  the  case,  a  slope  between 
linear  and  quadratic  would  have  been  obtained.  We 
also  see  that  we  are  not  appreciably  saturating  the 
transition,  a  result  which  places  an  upper  limit  on  the 
two-photon  pump  rate  of  S108  see-1  under  our  condi¬ 
tions. 

Although  the  fitted  slope  in  Fig.  5  is  not  2,  the  qua¬ 
dratic  dependence  expected  theoretically  is  used  to 
normalize  results  at  different  laser  power.  An  example 
is  the  determination  of  relative  integrated  intensities 
from  Fig.  4,  where  the  UV  laser  energy  varied  —20%  due 
to  variations  in  the  gain  of  the  dye  laser. 

A  lifetime  run  for  the  N  atom  state  and  its  logarithmic 
plot  to  obtain  a  lifetime  are  shown  in  Fig.  6.  The  in¬ 
crease  at  short  times  is  due  to  the  laser  pulse  length  and 
pumping  rate,  slightly  stretched  by  the  2-nsec  gate,  but 
the  decay  fits  clearly  to  a  single  exponential. 


III.  Results  and  Discussion 

The  two-photon  cross  section  for  a  transition  from  a 
ground  state  g  to  an  excited  state  e  may  be  written18 


a,l  • 


(2»)3 


»’t|P.»l2«(2»i) 


(1) 


he  *  7  A£„  -  h„ 

where  the  sum  runs  over  all  virtual  states  i  accessible 
by  a  one-photon  transition  from  both  g  and  e,  vi  is  the 
laser  frequency,  and  g  is  the  two-photon  absorption  line 
shape.  If  we  assume  that  there  exists  a  single  inter¬ 
mediate  state  (still  denoted  by  i)  which  forms  the 
dominant  contribution  to  Peg  and  include  the  effects  of 
laser  linewidth,19  a  may  be  written 


(2) 


A£?,<  2A4  +  Ae?)l/2 
for  a  transition  from  a  particular  ground  state  angular 
momentum  component  Jg  to  a  particular  excited  state 
component «/«.  Here  A Eu  is  the  difference  in  energy 
between  that  of  the  laser  and  that  of  state  i ,  Avq  is  the 
FWHM  Doppler  width,  and  A i>i  FWHM  the  laser 
linewidth.  The  matrix  elements  of  P‘e,  may  be  split  into 
radial  and  angular  integrals: 


'  (tfVlMtfV))  (e?'(r)|r| «;'(r)>  |* 

:  „  ,  E  E  <«/,m,|coaS|./jmI) 

Mg  +  1 


x  («f,m,  | cv6\J,m, ) 


(3) 


36  48 

TIME  (nsec) 

Fig.  6.  (Bottom  curve)  experimental  data  on  a  linear  scale  for  the 
time  dependence  of  the  N  (40t/2)  signal.  (Top)  a  fit  of  the  decay 
portion  to  an  exponential.  This  exemplary  run  was  made  at  0.28- Torr 
Nj.  0.06-Torr  NO,  and  9.4-Torr  He.  yielding  r  ■  26.2  nsec. 
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The  angular  matrix  element  here  is  expressed  for  lin¬ 
early  polarized  light,  whose  polarization  vector  defines 
the  axis  of  quantization.  The  radial  integrals  in  Eq.  (3) 
determine  the  absolute  value  of  a,  whereas  the  angular 
integrals  are  responsible  for  the  relative  values  of  a 
among  the  fine  structure  components  of  the  transi¬ 
tion. 

In  Eq.  (2),  if  AEa  is  expressed  in  cm*1  and  the  matrix 
elements  in  debyes,  a  numerical  value  6.2  x  10“  29  for  the 
constant  a  yields  a  in  cm4/W. 

The  two-photon  pumping  rate  W,f  (sec-1)  is  then 

expressed  as 

<4> 

where  h  is  the  laser  intensity  in  W/cm2;  the  time  de¬ 
pendence  of  the  excited  state  number  density  is 

^  -  »vv,  -  (A,  +  *Q/i)iV,  (3) 

i it 

in  the  absence  of  appreciable  photoionization  or  satu¬ 
ration.  Here  kr  is  the  radiative  decay  rate,  kq  is  a  col- 
lisional  quenching  rate  constant,  and  n  is  the  total 
number  density.  (For  a  mixture  of  gases,  kqn  would 
be  replaced  by  the  appropriate  sum  over  all  species 
present)  All  these  quantities,  the  relative  and  absolute 
values  of  a  plus  kr  and  kq,  are  needed  in  the  diagnostic 
application  of  two-photon  laser-induced  fluorescence. 
Their  measurement  (including  a  presumably  repre¬ 
sentative  kq  for  Nj  collisions)  has  formed  the  subject 
of  this  study. 

A.  Absoluts  Two-Photon  Absorption  Cross  Sections 

Absolute  two-photon  cross  sections  for  atomic  tran¬ 
sitions  of  interest  can  be  estimated  if  the  single  inter¬ 
mediate  state  approximation  is  made.  This  approxi¬ 
mation  is  very  reasonable  for  all  the  two-photon  tran¬ 
sitions  considered  in  this  paper  since  the  intermediate 
defined  by  the  resonance  transition  has  most  of  the 
oscillator  strength.  The  two  terms  in  a,  that  describing 
the  radial  wave  functions  (assumed  to  be  constant  for 
all  fine  structure  states  of  the  multiple)  and  that  de¬ 
scribing  the  angular  momentum  factors,  are  explicitly 
written  in  Eq.  (3).  The  second  term  is  dealt  with  in  the 


next  section;  we  describe  here  the  calculation  of  absolute 
cross  sections  for  the  multiplet  transitions. 

Using  Eq.  (2)  and  the  transition  moment  for  the 
multiplets  obtained  from  Wiese  et  al.,x  we  can  calculate 
the  two-photon  absorption  cross  sections  for  a  number 
of  atoms  of  interest  assuming  a  Doppler  limited  line- 
width  for  the  two-photon  transition.  These  calcula¬ 
tions,  along  with  the  relevant  parameters  for  the  two- 
photon  transitions  considered,  are  given  in  Table  I. 
Note  that  all  the  listed  values  of  a  are  of  the  order  of 
magnitude  10-27  cm4/W.  These  cross  sections  must  be 
multiplied  by  an  angular  momentum  factor  of  the  order 
of  0.5  (as  discussed  in  the  next  section)  to  obtain  an 
experimentally  measured  cross  section. 

There  is  one  theoretical  calculation  that  includes  all 
the  relevant  intermediate  states  available  for  compar¬ 
ison  with  these  estimates.  Pindzola*  has  calculated  for 
the  atomic  oxygen  the  cross  section  for  the  two-photon 
transition  listed  in  Table  L  Because  he  has  used  the 
natural  linewidth  (derived  from  the  radiative  lifetime 
of  r  ■  36  nsec  the  upper  3P  state)  instead  of  the  Doppler 
width  in  his  formulation  of  g(  r)  in  his  version  of  Eq.  1 1 ). 
his  value  of  the  average  cross  section  for  the  multiplet 
transition  (</J”r>  ■  2.3  x  10"43  cm4  sec)  must  be  ad¬ 
justed  for  our  line  shape  function.  For  consistency,  we 
have  used  Pindzola's  line  shape  function  [given  in  his 
Eq.  ( 14)]  to  obtain  his  peak  value  for  gClvi ).  The  cross 
section  can  now  be  compared  using  the  conversion 
equation 

0  94r 

alcmVWl  »  <3®' — - - ■  i6> 

This  gives  an  ab  initio  value  for  the  multiplet  transition 
of  ct  ■  1.2  x  10-27  cm4/W  identical  to  our  simple  single 
intermediate  calculation.  It  is  also  quite  dose  to  the 
values  of  McQrath  et  a/.9  This  good  agreement  gives 
us  confidence  that  the  rest  of  the  cross  sections  given  in 
Table  I  have  a  similar  accuracy. 

We  have  attempted  to  obtain  an  order  of  magnitude 
estimate  of  this  cross  section  from  our  signal  levels  for 
the  case  of  oxygen  atom  detection.  The  largest  uncer¬ 
tainty  in  this  type  of  measurement  is  knowing  the  laser 
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intensity  in  the  focal  volume.  We  present  here  calcu¬ 
lations  for  the  signal  intensity  assuming  a  diffraction- 
limited  Gaussian  beam. 

The  excited  state  density  produced  by  two-photon 
absorption  can  be  calculated  by  integrating  Eqs.  (2)  and 
(3).  Assuming  a  square  pulse  in  time  of  length  Tp, 
much  shorter  than  the  quenched  lifetime  of  the  excited 
state,  the  excited  state  density  at  the  end  of  the  pulse 
can  be  written 

iVU-TpJ-^NoTp.  (7) 

nv 

where  No  is  the  initial  atom  density  in  the  ground 
state. 

To  obtain  the  total  number  of  excited  states  created 
N’t,  Eq.  (4)  must  be  integrated  over  the  spatial  distri¬ 
bution  of  the  laser  intensity  within  the  observation 
volume.  This  integration  is  particularly  simple  for  the 
assumed  Gaussian  beam.  If  the  observation  volume  is 
limited  to  one  confocal  parameter,21  the  integration  of 
Eq.  (4)  leads  to 


where  E  is  the  total  energy  in  the  laser  pulse.  Note  that 
this  particularly  simple  expression  is  independent  of  the 
focusing  conditions  as  long  as  the  observation  region  is 
larger  than  one  confocal  parameter. 

For  a  laser  energy  of  50  nJ  with  a  pulse  length  Tp  ~ 
10"8  nsec  exciting  the  3P2  —  3P2i0  two-photon  transi¬ 
tion,  we  obtain  a  signal  corresponding  to  ~lVf  ■  10s 
excited  states  total  for  N0(3P2)  *  7  X  1013  cm-3.  Using 
Eq.  (5),  this  leads  to  an  experimental  value  of  «  »  10"30 
cm4/W.  Scaling  the  value  for  a  given  in  Table  I  to  in¬ 
clude  the  angular  factors  (~l/3)  and  compensating  for 
the  laser  linewidth  (~l/2)  lead  to  an  expected  effective 
cross  section  of  approximately  a  ~  2  X  IQ"-8  cmVW. 
This  is  over  100  times  larger  than  the  value  calculated 
from  the  experimental  signal.  At  the  present  time  we 
believe  that  this  discrepancy  is  partly  because  we  have 
neither  a  diffraction-limited  beam  nor  a  near  Gaussian 
spatial  distribution.  At  the  conclusion  of  the  experi¬ 
ments  we  discovered  that  damage  had  occurred  to  the 
Pellin-Broca  prism;  this  would  have  affected  the  beam 
quality,  although  we  do  not  know  the  prism's  actual 
condition  at  the  time  the  absolute  intensities  were 
measured.  Also  subsequent  experiments2-  investi¬ 


gating  the  use  of  Raman  scattering  as  an  intensity 
standard  have  been  performed  on  a  different  system. 
These  have  indicated  that  our  estimated  collection  and 
detection  efficiencies  may  have  been  low  here  by  a  factor 
of  as  much  as  10,  which  would  account  for  part  of  the 
discrepancy.  An  accurate  determination  of  the  cross 
section  with  a  diffraction -limited  beam  would  be  ex¬ 
tremely  useful  because  it  would  indicate  a  potentially 
much  higher  sensitivity  for  0  atom  detection  than  found 
in  these  experiments. 


B.  Relative  Fine-Structure  Transition  Probabilities 

The  O  atom  possesses  three  ground  state  fine  struc¬ 
ture  components  3P2>  3Pi,  and  3P0  at  energies  of  0, 158.5, 
and  226.5  cm-1,  respectively.  The  three  components 
of  the  upper  3 p  3P  state  are  packed  more  closely  with 
separations  of  0.54  and  0.16  cm"1.  Consequently  the 
laser  can  easily  discriminate  between  the  ground  state 
J  values  but  is  too  broad  to  resolve  the  upper  state 
splitting.  In  Fig.  4  the  stick  diagrams  correspond  to  the 
relative  positions  and  intensities  of  each  expected 
component,  labeled  by  its  value  of  Je.  It  can  be  seen 
that  the  breadth  of  each  excitation  corresponds  well  to 
these  expectations.  The  integrated  intensity  I(Jg )  from 
the  data  in  Fig.  4  can  be  expressed  in  terms  of  the  two- 
photon  cross  section  a{Jg )  for  that  component  and  its 
population  N(Jg ): 

/(«/,) «  a{Jg)N(J,y,  (9) 

a(J,)  «  £  (10) 

J* 

and  the  results  compared  to  theoretical  calculations. 

For  the  3P-3P  transition  in  O,  the  one-photon  allowed 
intermediate  state  i  may  be  either  a  3S°  or  3D°.  Al¬ 
though  a  sum  must  be  taken  over  all  possible  states  i, 
as  indicated  in  Eq.  (1),  we  expect  that  the  2s22p33s  3S° 
state  at  76800  cm-1  (which  is  also  the  terminal  state  for 
the  fluorescence  as  shown  in  Fig.  1)  yields  the  bulk  of 
the  contribution.  It  is  the  only  allowed  intermediate 
between  g  and  e ;  most  important,  it  possesses  a  high 
reasonable  oscillator  strength  (value  of  u)  in  each  step. 
The  detailed  theoretical  calculation  by  Pindzola,6  which 
employs  ab  initio  wave  functions,  indicates  that  this 
state  contributes  some  97%  of  the  value  of  «.  We  con¬ 
sequently  restrict  our  considerations  to  the  3s  3S°  as  the 
sole  intermediate. 

The  wave  functions  are  expressed  in  terms  of  their 
spin  and  orbital  angular  momentum  components 

\Jmj)  ~  Z.C(LSJ-,mimsmj)\l.mi.)\Sms)  '111 

mg 

for  each  |  e > , )  i ) ,  and  \g ) .  The  laser  may  be  taken  as 
linearly  polarized  in  the  direction  of  quantization 
without  loss  of  generality,  so  that  the  opeartor  a  has  the 
selection  rule  Amt  *  0.  «(</„)  is  then  obtained  by 
calculating  the  matrix  elements  using  Eqs.  (3)  and  (11). 
summing  over  the  mj  values  of  states  i  and  e  and  over 
the  J  values  of  |e>,  and  finally  averaging  over  the  m.j 
values  for  |£>.  The  results  of  the  calculation  are  col¬ 
lected  in  Table  II.  where  they  are  compared  with 
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Pindzola’s  results8  using  both  velocity  and  length  rep¬ 
resentations  of  the  transition  moment  operator  and 
Hartree-Fock  wave  functions,  which  include  correlation. 
Although  the  results  for  each  J,  —  J,  component  differ 
among  the  calculations,  the  values  of  a(Jt )  summed 
over  J,  are  the  same  for  each. 

The  predicted  values  of  HJt)  may  then  be  calculated 
from  Eq.  (4)  using  populations  N(Jt)  from  a  Boltzmann 
distribution  at  room  temperature  as  ascertained  from 
the  NO  excitation  scan  in  Fig.  3.  The  comparison  be¬ 
tween  predicted  and  measured  values  is  shown  in  Fig. 
7.  The  fitted  line  is  not  constrained  to  pass  through  the 
origin  but  does  so  within  two  standard  deviations,  as  it 
should  do.  (The  fitted  intercept  is  0.035  ±  0.021.) 

It  would  be  interesting  to  measure  the  J,  dependence 
of  the  values,  so  aa  to  discern  among  the  dif¬ 

ferent  possible  representations  of  the  transition  prob¬ 
ability  (Table  II).  Such  an  experiment,  impossible  here 
due  to  our  A*i  of  0.3  cm*1  and  a  Aj >d  of  0.27  cm*1,  could 
be  performed  in  a  Doppler-free  (counterpropagating 
beams)  excitation  with  a  narrower  bandwidth  laser. 

In  the  case  of  the  N  atoms,  there  is  only  one  ground 
state  component  4SV2  but  now  four  upper  state  com¬ 
ponents  of  *D,  with  J,  ranging  from  1/2  to  7/2  over  a 
total  energy  difference  of  110  cm*1.  Each  of  these  is 
readily  resolved  by  the  laser,  and  again  the  intensities 
may  be  compared  with  calculated  values.  Here  the 
intermediate  state  must  be  a  *P°\  the  wave  functions  are 
expressed  using  Eq.  (11),  and  the  calculation  proceeds 


CALCULATED  INTENSITY 

Fig.  T.  Measured  vs  calculated  intensity  I  both  arbitrary  units)  tor 
the  three  fine  structure  components  of  the  0  atom  transition  shown 
in  Fig.  4.  The  line  is  titled  and  not  constrained  to  paw  through  0. 


CALCULATED  INTENSITY 

Fig.  8.  Aa  Fig.  7  for  the  four  components  of  the  N  atom  transition. 


as  before  to  obtain  aiJr).  The  results  are  that  the  in¬ 
tensities  should  be  in  the  ratio  1:2:3:4  for  J  ■  l/2:3/2: 
5/2i7/2;  that  is,  the  intensity  should  be  proportional  to 
the  final  state  degeneracy  2  J,  +  1.  The  experimental 
results  are  shown  in  Fig.  8,  again  in  the  form  of  a  plot 
measured  vs  calculated  values.  The  fitted  intercept 
here  is  0.066  ±  0.078. 

The  results  in  Figs.  7  and  8  may  be  taken  essentially 
as  an  experimental  demonstration  that  we  understand 
well  the  angular  momentum  coupling  nature  of  two- 
photon  excitation  in  atoms.  While  this  is  unsurprising, 
it  does  constitute  a  pleasing  experimental  confirmation 
of  the  fact  and  may  be  furthermore  considered  as  an 
indication  that  the  experiment  itself  is  behaving  prop¬ 
erly. 

C.  Lifetime  and  Quenching  Rates 

The  excited  state  decay  rates  kd  measured  using  the 
scanning  gated  integrator  were  plotted  as  a  function  of 
No  pressure  according  to  the  equation 

“  k,  *  kqn.  1 121 

The  results  for  O  are  shown  in  Fig.  9,  where  each  point 
is  that  for  one  run.  The  N  >  pressure  was  never  quite  0 
because  of  the  small  amount  added  to  the  discharge  for 
the  production  of  N  atoms.  A  few  runs  at  varying 
pressures  of  He.  NO.  and  SF*  showed  no  discernible 
effect  on  the  measured  lifetimes  at  the  pressures  of  these 
gases  normally  used. 

A  least  squares  tit  yields  for  the  intercept  kr  m  <  2.56 
±  0.09)  X  10'  sec"1  or  a  radiative  lifetime  39.1  ±  1.4 
nsec.  F rom  the  slope  is  obtained  *  <  2.45  ±  0. 1 2 ) 

X  10"lu  cm '  sec"1,  corresponding  to  a  cross  section  of 
31  ±  2  A-’.  These  quoted  error  bars  are  from  the  fit. 
whereas  the  spread  in  points  at  the  same  pressure  is 
more  of  the  order  of  ±  10*1 1  Fig.  9). 
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.  9.  Decay  rate  of  the  0  atoms  as  a  function  of  total  pressure  of 
Nj.  Each  point  is  an  individual  run. 


The  lifetime  for  this  transition  in  0  has  been  studied 
rather  extensively  in  the  past.  Soiarski  and  Wiese23 
obtained  a  value  k,  ■  2.6  X  107  sec-1  with  error  bars  of 
27%  from  intensity  measurements  in  a  stabilized  arc 
under  equilibrium  conditions.  In  a  critical  comparison 
with  results  of  previous  experimental  and  theoretical 
determinations  for  this  and  other  oxygen  multiplets, 
they  concluded  that  there  existed  here  a  rare  case  of 
good  agreement  among  independent  determinations 
and  recommended  an  averaged  value  of  2.80  X  107  with 
10%  uncertainty.  The  present  results  push  this  toward 
the  lower  end,  in  excellent  agreement  with  the  experi¬ 
mental  values23-24  of  2.6  and  2.5  ±  107. 

Following  the  Soiarski  and  Wiese  assessment,  there 
have  appeared  two  further  experimental  determina¬ 
tions.  In  a  study  of  lifetimes  for  VUV  transitions  in  0 
induced  by  pulsed  electron  beam  dissociation  of  oxy¬ 
gen-containing  molecules  Lawrence25  observed  a  long 
tail  on  the  1304-A  transition.  He  ascribed  this  to  filling 
of  the  3s  3S  level  from  3p  3P  at  a  rate  given  by  kr(3P), 
since  M3S)  is  much  faster.  The  result  is  (2.86  ±  0.08) 
X  107  sec"1,  with  which  our  value  agrees  well.  A  yet 
more  recent  measurement  has  been  performed  by 
Quickenden  et  al. 26  using  pulsed  electron  beam  disso¬ 
ciation  of  H2O.  They  obtained  kr  *  (5.1  ±  1.0)  X  107 
sec"1  in  disagreement  with  our  and  other23  24  values,  and 
we  feel  that  the  latter  are  definitely  preferable. 

The  N  lifetime  data  showed  considerably  more 
scatter.  The  reasons  are  not  apparent  to  us,  but  per¬ 
haps  by  the  time  this  series  of  runs  was  made  the  Pel- 
lin-Brocha  prism  had  become  damaged  and  was  causing 
noise  problems  not  present  in  the  O  measurements. 
Twenty-five  separate  determinations  were  made  at  zero 
added  N2,  that  is,  the  presence  of  N2  entering  only 


through  the  discharge.  The  standard  deviation  on  the 
average  was  ±18%,  a  spread  which  includes  21  of  the  25 
data.  Similar  uncertainties  were  encountered  at  other 
pressures,  although  far  fewer  data  were  taken. 

We  have  chosen  to  plot  in  Fig.  10  the  averages  and 
errors  bars  at  each  pressure  rather  than  the  individual 
data.  The  results  correspond  to  kr  =  3.7  ±  107  sec"1  or 
a  lifetime  of  27  nsec  and  kq( N2)  *  2.4  X  10"l°  cm3  sec"1 
or  a  cross  section  of  30  A2.  From  the  fit  and  the  spread 
in  the  data  we  estimate  a  15%  uncertainty  in  kr  and  a 
30%  uncertainty  in  kq.  Neither  He  nor  SF6  was  found 
to  have  an  effect  on  the  measured  lifetimes  within  the 
data  scatter;  NO  was  not  checked  as  it  was  not  used  for 
the  final  N  lifetime  runs. 

The  present  result  for  kr  is  in  serious  conflict  with  a 
previous  experimental  determination  by  Richter.27  He 
made  intensity  measurements  in  a  nitrogen  plasma 
(similar  to  the  method  used  for  O),23  obtaining  a  result 
kr  —  1.87  X  107  sec"1  or  a  53-nsec  lifetime,  with  esti¬ 
mated  error  bars  of  ±15%.  A  theoretical  value  using  the 
method  of  Bates  and  Damgaard28  is  closer  to  our  result: 
2.70  ±  107  sec"1  (lifetime  of  37  nsec).  We  shall  not  at¬ 
tempt  here  a  critical  comparison.  It  is  true  that  when 
lifetimes  are  shorter  they  invite  suspicion  due  to  the 
possibility  of  neglected  quenching  effects.  The  O  life¬ 
time  measurements  performed  in  this  same  system 
agree  with  previous  values  as  discussed,  suggesting  that 
such  systematic  errors  are  not  present  and  lending 
confidence  to  our  N  lifetime.  We  thus  feel  that  our 
value  is  preferable  to  that  of  Richter. 
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Fig.  10.  Decay  rates  for  N  as  a  function  of  No  pressure.  Each  point 
and  its  error  bars  represent  an  average  of  the  measurements  at  that 
pressure. 
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The  cross  sections  of  ~30  A2  which  we  obtain  for 
collisions  with  N*  are  gas  kinetic  in  size,  which  may  be 
expected  for  quenching  of  high-tying  atomic  states. 
Previous  measurements  of  these  processes  [0(3P)  +  Ns, 
N(4D)  +  Nj]  have  not  been  made,  but  two  pertinent 
determinations  do  exist.  The  study  of  Quickenden  et 
al.M  included  the  0  quench  rate  with  water;  they  ob¬ 
tained  fcq(HjO)  +  (9.4  ±  1.5)  X  10“10  cm3  sec-1. 
Catherinot  and  Sy29  have  used  a  laser  to  single-pho¬ 
ton-pump  the  3 p  *S  state  of  N  from  the  3s  *P  present 
in  a  discharge  and  measured  lifetimes.  This  *S  state 
lies  just  above  (~0.25  eV)  the  *D  state  we  studied. 
They  conclude,  from  considerations  of  the  energies  of 
possible  exit  channels  of  a  quenching  collision,  that  only 
Ns  in  vibrationaily  excited  states  with  u  £  2  can  quench 
the  4S  state.  Estimating  the  concentration  of  excited 
Nj  in  their  discharge,  they  derive  a  »  6.5  X  10~®  cm3 
sec*1  for  collisions  with  the  excited  molecules.  Our 
measurements  were  made  at  room  temperature  where 
all  the  Ns  is  in  the  ground  vibrational  state,  and  our  kq 
is  due  to  u  m  0  molecules  only. 

IV.  Condustone 

These  experiments  have  demonstrated  the  viability 
of  two-photon  excitation  of  fluorescence  emitted  by 
atomic  states  lying  far  above  the  normal  VUV  cutoff. 
The  method  is  straightforward  and  applicable  to  a  large 
number  of  atomic  species.  Although  the  laser  which  we 
used  is  a  version  with  relatively  high  power,  so  as  to 
make  possible  the  necessary  chain  of  frequency  con¬ 
version  steps,  it  is  a  commercially  available  system,  that 
is,  a  custom  rig  is  not  required. 

From  the  results  of  this  work  we  can  project  good 
detectivities  when  this  method  is  used  as  a  flame  diag¬ 
nostic  tooL  If  other  gases  collisionally  quench  the  ex¬ 
cited  states  with  the  same  efficiency  as  does  Nj  and  if 
those  rate  constants  are  independent  of  temperature, 
reasonable  assumptions  for  estimation  purposes  since 
the  measured  rate  constant  was  gas  kinetic,  the 
quenching  rate  at  l  atm,  and  2000  K  is  ~  10s  sec*1.  This 
corresponds  to  a  fluorescence  quantum  yield  for  0  of 
0.026  and  for  N  of  0.039.  The  flow  system  measure¬ 
ments  were  performed  at  ~1014  atoms  cm  “3.  Because 
the  absorption  rate  is  quadratic  in  laser  intensity,  the 
same  signal  levels  as  observed  here  would  then  be  at¬ 
tained  for  1  ppm  of  atoms  in  an  atmospheric  pressure 
flame,  given  an  increase  in  laser  power  by  a  factor  of  ~30 
over  that  used  here.  This  laser  power,  —l  mJ/pulse,  is 
a  demanding  but  realistic  value  at  226  nm.  and  one 
could  obtain  perhaps  300  aJ/ pulse  at  211  nm. 

In  fact  the  required  laser  power  to  detect  parts  per 
million  levels  may  be  lower  for  two  reasons.  First,  the 
bulk  of  the  noise  in  the  observed  signal  levels  (Fig.  4) 
was  caused  by  laser  fluctuations.  The  signal-to-back- 
ground  ratio  in  the  flow  system  was  by  contrast  *-100. 
If  this  background  does  not  increase  under  flame  con¬ 
ditions.  a  more  stable  laser  may  improve  the  results.  A 
flame  will  have  emission  in  the  near  IR,  but  the  observed 
level  can  be  decreased  using  sharp  spectroscopic  fil¬ 
tering  i  the  O  fluorescence  emission  is  only  1  cm*1  wide) 


and  fast  gating  (possibly  gating  of  the  photocathode  to 
avoid  background  overloads).  Second,  as  discussed 
above,  our  observed  signal  level  is  lower  than  that  ex¬ 
pected  on  theoretical  grounds  by  a  factor  of  perhaps  100. 
The  true  reason  is  unknown,  but  poor  beam  quality  is 
suspected.  Were  this  correct,  a  laser  of  better  beam 
quality  would  generate  larger  signals  at  the  same  pulse 
energy  with  a  concomitant  increase  in  ultimate  detec¬ 
tion  limits. 

We  thus  conclude  that  two-photon  laser-induced 
fluorescence  of  0  and  N  atoms,  although  not  yet  suc¬ 
cessfully  performed  in  flames,  should  be  a  feasible 
technique  for  combustion  measurements  at  the  parts 
per  million  level.  This  two- photon  method  thus  adds 
a  significant  category  of  species,  the  single  atoms  O.  N. 
H,  and  C,  to  the  list  of  some  twenty  diatomic  and  tri- 
atomic  free  radical  combustion  intermediates  detectable 
with  laser-induced  fluorescence.4 

For  collision-free  conditions  as  in  a  low-pressure 
plasma,  the  measurable  absolute  concentration  limit 
will  be  lower.  Our  initial  estimate9  of  10l  1  cm'3  appears 
conservative  following  the  efforts  of  Muller  et  al. ll;  their 
developments  aimed  at  such  plasma  diagnostics  projects 
detectivities  as  low  as  I010  cm*3. 

Additionally  collision  information  of  fundamental 
interest  can  be  obtained  using  this  technique.  For  ex¬ 
ample,  the  excitation  of  each  individual  *Dj  component 
could  be  followed  by  spectrally  resolved  measurements 
on  the  *Dj  —  *Pj  multiplet  in  the  extraction  of  state- 
specific  collision  cross  sections  among  the  J  values  of 
*D,  similar  to  experiments  performed  on  Na  using 
two-photon  excitation  under  bulb30  and  flame31  con¬ 
ditions. 
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In  the  technique  of  laser-induced  fluorescence,  or  LIF,  a 
laser  is  tuned  so  that  its  frequency  matches  that  of  an  ab¬ 
sorption  line  of  some  atom  or  molecule  of  interest.  The  ab¬ 
sorption  of  the  laser  photons  by  this  species  produces  an 
electronically  excited  state  which  then  radiates.  The  fluo¬ 
rescent  emission  is  detected  using  a  filter  or  a  monochromator 
followed  by  a  photomultiplier.  Because  a  particular  absorption 
line  is  selected,  the  excited  state  has  definite  and  identifiable 
vibrational,  rotational,  and  fine  structure  quantum  numbers. 
This  clean  state  preparation  has  significant  advantages  for 
spectroscopic  and  collision  studies,  in  contrast  to  the  con¬ 
gestion  often  found  in  ordinary  emission  spectra  from,  for 
example,  a  discharge.  Since  the  lower  state  responsible  for  the 
absorption  is  also  definite,  considerable  selectivity  is  provided 
by  LIF  when  used  as  a  diagnostic  tool.  In  addition,  its  high 
degree  of  sensitivity,  the  spatial  and  temporal  resolution 
available,  and  its  non-intrusive  nature  are  important  attrib¬ 
utes  for  this  purpose.  Finally,  special  LIF  methods  not  possible 
in  non-laser  spectroscopy,  such  as  two  photon  excitation,  yield 
new  information  and  make  possible  new  diagnostic  probes. 

These  features  of  LIF  are  illustrated  in  this  paper  using  as 
examples  a  variety  of  experiments  conducted  in  the  author's 
laboratories.  LIF  as  a  whole  has  had  a  tremendous  impact  on 
the  study  of  the  electronic  spectra  of  small  molecules,1  and  it 
should  be  noted  that  the  experiments  discussed  here  form  but 
a  tiny  portion  of  the  many  ways  LIF  has  been  used  to  further 
our  knowledge  of  molecular  structure  and  behavior.  None¬ 
theless,  it  is  hoped  that  the  highly  personal  selection  presented 
will  serve  to  describe  some  of  the  important  aspects  of  this 
exciting  and  rapidly  progressing  technique. 

UF  Experiments 

Given  a  laser,  the  experimental  configuration  employed  for 
most  LIF  studies  is  quite  simple.  The  laser  beam  is  directed 
into  a  sample,  which  is  contained  in  some  suitable  cell  if  nec¬ 
essary.  The  fluorescence  emitted  at  a  right  angle  to  the  beam 
direction  is  focussed  through  a  filter  into  a  photoelectric  de¬ 
tector.  The  filter  may  be  at  a  particular  wavelength  (such  as 
a  glass  color  filter  or  interference  filter)  or  scannable  (i.e.,  a 
monochromator). 

A  single  frequency  laser  (such  as  from  a  rare  gas  ion  laser) 
may  be  used  if  its  frequency  happens  to  coincide  with  that  of 
some  absorption  line,  but  clearly  a  tunable  (dye)  laser  is  more 
versatile.  It  permits  the  performance  of  experiments  on  dif¬ 
ferent  molecules,  or  on  a  sequence  of  excited  levels  in  one 
species  so  as  to  compare  their  behavior.  The  most  rapid  growth 
in  the  number  of  LIF  studies  has  coincided  with  the  avail¬ 
ability  of  commercial  tunable  dye  lasers.  Continuous  duty 
lasers  have  advantages  of  much  narrower  linewidth  and  more 
stable  output  amplitudes,  whereas  pulsed  lasers  have  higher 
peak  powers  and  thus  higher  instantaneous  signal  levels,  and 
with  them  is  possible  a  variety  of  non-linear  processes  in¬ 
cluding  frequency  doubling  and  shifting  methods.  All  of  the 
experiments  described  in  this  paper  involve  pulsed  lasers 
having  repetition  rates  of  typically  10  Hz,  pulse  lengths  of  10 
nsec  or  1  psec,  and  in  all  but  one  a  frequency  shift  from  the  dye 
laser  fundamental.  When  operating  with  a  pulsed  laser,  it  is 
generally  advantageous  to  use  a  gated  detection  system.  Also 
termed  a  boxcar  integrator  when  used  to  average  over  a 


Rgm  1.  Scfwnwde  digram  of  an  excitation  scan  showing  me  potential  cuvn 
(electronic  states)  and  seme  levels  invotved.  The  detection  system  meesures 
fluorescence  (downward  arrow)  Irom  any  excited  level;  this  will  occw  each  Urns 
die  laser  is  tuned  to  match  the  frequency  of  some  absorption  line  (upward  ar¬ 
rows).  As  the  laaer  is  tuned  throu^r  the  series  of  absorption  Unas,  an  excitation 
scan  results. 


number  of  laser  pulses,  this  device  basically  turns  the  detec¬ 
tion  electronics  on  only  for  a  short  period  during  or  immedi¬ 
ately  after  the  laser  pulse.  Because  all  of  the  LIF  signal  occurs 
in  this  brief  time  span,  gated  detection  greatly  enhances  the 
ratio  of  signal  to  that  background  which  is  continuously 
present,  such  as  photomultiplier  dark  current  or  ordinary 
flame  emission. 

The  two  chief  methods  of  spectroscopic  data  acquisition  in 
an  LIF  experiment  are  excitation  and  fluorescence  scans.  In 
an  excitation  scan,  depicted  schematically  in  Figure  1,  the 
detector  and  filter  are  chosen  so  that  fluorescence  from  any 
excited  level  can  be  detected.  The  laser  frequency  is  then 
scanned  through  the  absorption  region  of  the  molecule;  each 
time  it  matches  that  of  an  absorption  line,  fluorescence  results. 
Thus  an  excitation  scan  mimics  the  absorption  spectrum  of 
the  molecule.  The  main  difference  is  that  instead  of  looking 
at  a  small  dip  in  a  large  transmitted  signal,  LIF  forms  a  posi¬ 
tive  signal  on  a  null  background.  It  is  thus  much  more  sensi¬ 
tive:  total  absorptions  of  10-6  or  less  can  produce  readily 
measured  signals.  In  addition,  higher  selectivity  can  be  pos¬ 
sible  than  in  an  absorption  measurement.  Suppose  two  lor 
more)  species  are  present,  both  absorbing  at  the  same  wave¬ 
length  but  fluorescing  at  different  wavelengths.  The  choice 


'  Witness  the  fact  that,  of  the  papers  in  this  category  presented  at 
the  annual  molecular  spectroscopy  symposium  in  Columbus,  Ohio,  each 
June,  the  fraction  involving  LIF  has  grown  from  less  than  one-tenth  a 
decade  ago  to  about  two-thirds  presently 
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Fl^n  2.  An  — I— Ml  wn  trough  *» (0.0.1)— (0.0.0)  tuna  o « Vie  A,2*-X,I1 
tyaam  or  V»  Knew  Metallic  molecule  NCO.  neer  4000  A.  Several  roadenal 
branctiaa  ara  marked  with  Vie  ground  state  value  of  (he  angular  momentum 
quanam  numdar tar  «a  aMand  tfep)  and  Oa  aub-Oard  (bodoml. 
The  wevetangti  (A)  ia  itatad  undar  taa  scan,  at  are  Vie  raguna  where  ma  anv 
pkfler  aanamwly  ia  changed. 


of  detector  wavelength  then  permits  the  spectrum  of  one  to 
be  obtained  with  no  contribution  from  the  other. 

An  example  of  an  excitation  scan  is  shown  in  Figure  2.  Here 
the  laser  is  tuned  through  the  (OOIMOOO)  band  of  the  AJ2* 
-  X2I1  system  of  the  linear  NCO  molecule  (1 ),  which  has  here 
been  produced  in  a  flow  discharge  at  about  1  to  it  total  pres¬ 
sure.  The  top  and  bottom  portions  show  the  rotational 
branches,  designated  by  the  value  of  the  total  angular  mo¬ 
mentum  quantum  number  in  the  ground  state,  for  each  of  the 
two  fine- structure  components  (2IIi/j  and  JIIvi).  The  details 
are  not  of  concern  here,  but  it  is  obvious  that  considerable 
spectroscopic  information  is  available  from  such  a  scan. 

As  a  monitor,  an  excitation  scan  measures  populations  in 
the  ground  state  of  the  molecule.  That  is,  the  intensity  of  each 
line  is  proportional  to  the  population  of  the  ground  state  level 
raeponsibie  for  that  absorption.  In  the  well  resolved  branches 
in  Figure  2  one  can  discern  an  envelope  reflecting  a  Boltzmann 
distribution  over  the  rotational  levels.  Using  such  lines  to 
obtain  a  population  distribution,  and  from  it  a  temperature, 
is  an  important  aspect  of  the  use  of  LIF  as  a  combustion 
probe.2 

Figure  3  shows  a  schematic  description  of  a  fluorescence 
scan.  Here,  the  laser  is  parked  at  a  particular  frequency  so  that 
one  individual  upper  state  level  is  pumped.  One  now  scans  a 
monochromator  so  as  to  measure  different  fluorescence 


Figure  3.  Schematic  diagram  lor  a  fluorescence  scan.  H ora  the  laser  >s  set  al 
some  lanelengci  so  as  lo  piano  a  soeciflc  level  m  die  excited  stale.  Fluorescent 
lines  emitted  by  the  pwnoed  level  and/or  by  other  levels  pooutateo  by  collisions 
are  seeerated  By  a  scanning  monochromator 
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Figure  4.  Celt  Emission  specvum  from  Vie  032„~-x,2t~  system  or  me  Sj 
molecule  eacrtetl  in  an  alecvodeleaa  discharge,  in  a  stnaN  weveieiigci  regwn 
The  are  of  intensity  is  at  Vie  Bottom  of  Vie  Ngive;  me  aoperera  offset  •  Oue  to 
me  blending  of  mony  ndtvatuel  Unee  (above  50  of  wfaen  can  be  dtatngawwdl 
emitted  by  marry  upper  staa  levels.  Rig nt  The  liuoreecence  specsnan  «i  me 
same  repot  tenoning  expiation  of  ma  single  level  ✓*■4.  V  ■  40.  /  •  4 1  at 
Vie  freaaaa.  The  unee  are  ad  smmed  by  vas  level  ana  areim  order  or  eicreaawg 
sevslsngm)  Via  3^39),  P^4tK  and  "F,j|43t. 

transitions.  In  the  isolated  molecule,  these  will  be  those 
emitted  only  by  the  pumped  level.  In  the  presence  of  some 
colliding  species,  other  levels  may  be  populated  by  coUisiooal 
energy  transfer  end  they  too  will  emit. 

The  simplicity  and  resulting  advantages  of  the  spectrum 
measured  an  illustrated  in  Figure  4,  which  shows  emission 
spectra  from  the  S?  molecule  in  a  region  containing  primarily, 
though  not  exclusively,  the  (4.2)  band  of  the  B3IU~  -  X5It“ 
system.  On  the  left  is  the  emission  from  an  electrodeUas  dis¬ 
charge  in  sulfur  vapor  tha  heavy  congestion  of  closely  spaced 
and  often  overlapping  lines  (there  are  about  50  visible  in  the 
figure,  not  counting  blended  lines)  arises  from  the  many  ro¬ 
tational  levels  produced  in  the  discharge.  On  the  right  is  the 
fluorescence  spectrum  in  the  same  region  from  a  single  level 
populated  such  as  would  be  done1  in  an  LIF  experiment. 
Obviously  here  the  situation  is  much  cleaner  In  particular, 
tha  two  smaller  lines  (“satellite  branches")  show  up  clearly, 
whereas  in  the  discharge  spectrum  they  are  totally  masked  by 
the  strong  lines  (“main  branches")  emitted  by  different  ro¬ 
tational  levels.  Using  LIF,  the  relative  intensities  of  the  sat¬ 
ellites  and  the  main  branches  emitted  by  the  single  pumped 
level  can  be  measured.  In  this  case  such  ratios  led  to  some  new 
and  surprising  information  concerning  the  spin-spin  inter¬ 
action  in  the  B-state  (2).  which  had  escaped  notice  in  earner 
conventional  spectroscopic  studies. 

In  Figure  5,  one  sees  how  the  presence  of  collisions  alters  ’he 
fluorescence  spectrum.  Here,  the  molecule  is  OH.  present  n 
a  low-pressure  flow  system,  and  the  c  '  ■  0.  .V  »  \J'  »  ;  2 
level4  is  pumped  by  the  laser.  On  the  left  is  the  emission  from 
OH  by  itself,  consisting  of  the  five  strong  rotational  brancnes 

1  For  a  system  not  at  thermal  equilibrium,  so  that  a  temperatwe  s 
undefined,  the  population  distribution  >tsetf  s  the  deseed  result  of  n- 
terest. 

1  The  actual  scan  from  which  this  figure  was  maoe  employee  as  an 
excitation  source  an  atomic  Zn  'amo  one  of  whose  mes  comcKjenraiiv 
overlapped  an  S;  aosorpuon  nne.  out  Tie  experiment  could  se  rone 
(actually  more  easiivi  using  laser  excitation 

*  in  accordance  with  common  soecvoscopic  -vjtanon  a  tnjm  mme 
wilt  oe  used  to  denote  the  ucoer  state  ana  a  douow  some  'or  me  grcino 
state:  also,  wnen  a  transition  is  referred  to  me  .coer  state  s  i>«a,i 
written  lirst  le  g..  me  6  0  oand  means  /  «  i  j  »  Oi 
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Figure  S.  Fluorescence  scans  of  Hie  (0.0)  band  of  the  Aj2+-X2IIi  system  of 
the  OH  molecule,  tallowing  pumping  of  the  V  *1,/*  I'/j  level.  a.  Noaddad 
gas.  The  ftva  rotational  Unas  merited  are  those  emitted  by  the  pumped  level  (a 
few  smad  lines  are  due  to  collisions  with  the  background  gases  KjO  and  NOa; 
also,  laser  scatter  is  partially  responsible  for  the  width  of  the  feature  In  the  Pt<2) 
region),  b.  Spectrum  with  added  N».  at  0.86  torr.  The  Qi  series  Is  marked  as  are 
(w«h  snows)  the  remaining  tow  branches  nosed  In  (a).  The  new  (sabres  are  Knee 
emitted  by  other  rotational  levels  within  •J  »  0,  populated  by  energy  transfer 
collisions  with  the  Nj.  [Reprinted  from  the  Jamal  of  Chamlcal  Phytic*] 


as  marked.  (A  few  smaller  lines  are  due  to  collisions  with 
background  gases  HgO  and  NOj  used  to  produce  the  OH,  but 
they  shall  be  ignored  here;  some  scatter  from  the  exciting  laser 
is  responsible  for  the  breadth  in  the  Px 2  region.)  When  0.86 
torr  of  Ng  is  added,  the  spectrum  on  the  right  is  obtained.  The 
series  is  marked,  as  are  (with  arrows)  the  other  four 
branches  noted  in  (a).  The  new  lines  are  fluorescence  emitted 
from  other  rotational  levels,  populated  by  energy  transfer 
collisions  of  the  excited  OH  with  the  Ng  present 

From  relative  intensities  of  the  lines  in  scans  such  as  these, 
taken  at  several  pressures  of  the  collision  partner,  individual 
energy  transfer  rate  constants  (or  cross-sections)  between  the 
initially  pumped  level  and  each  final  rotational  level  can  be 
obtained.  The  laser  is  then  tuned  to  pump  a  different  initial 
level,  and  the  process  repeated.  In  this  way  is  determined  the 
entire  matrix  of  state-to-state  rotational  energy  transfer  cross 
sections  for  the  upper  electronic  state  (3). 

The  populations  deduced  from  fluorescence  scans  such  as 
those  in  Figure  5  reflect  excited  state  behavior,  in  contrast  to 
the  ground  state  populations  deducible  from  the  excitation 
scan  intensities.  Each  type  of  spectrum  of  course  contains 
spectroscopic  information  about  both  the  upper  and  lower 
states  connected  in  the  transition. 

When  LIF  is  used  as  a  diagnostic  monitor  the  Laser  and 
detection  wavelengths  generally  remain  fixed  while  some  other 
parameter  pertinent  to  the  behavior  of  the  probed  system  is 
varied.  This  could,  for  example,  be  the  distance  above  a  burner 
in  a  flame  study,  or  the  time  delay  between  two  lasers  as  de¬ 
scribed  below  for  a  laser  pyrolysis  experiment.  Of  course,  the 
laser  frequency  would  be  varied  for  population  determinations 
at  each  point  in  the  flame  or  at  a  particular  delay  time. 

If  the  upper  state  radiative  lifetime  is  longer  than  the  laser 
pulse  length,  useful  information  can  be  obtained  from  its 
measurement.  This  could  be  done  in  principle  from  an  oscil¬ 
loscope  trace  of  the  time  dependence  of  one  fluorescence 
decay.  It  is  usually  accomplished  in  practice  using  the  gated 
integrator  to  average  over  a  number  of  pulses  at  a  given  time 
after  the  laser  pulse,  and  then  systematically  scanning  that 
time  difference. 

Franck -Condon  Factors  In  Sg 

In  this  experiment,  the  laser  excites  a  particular  u'  vibra¬ 
tional  level  of  the  B3ZU-  state  of  Sg,  which  then  radiates  to  a 
large  number  of  u"  levels  in  the  X:1Zg"  ground  state.  In  a  flu¬ 
orescence  scan  the  intensity  of  each  u‘  — •  v"  term  is 
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Figure  6.  Excitation  scans  of  the  (6.0)  band  of  the  B-X  system  of  S2  near  2930 
A.  Top.  Scan  across  the  entire  red-shaded  bend,  showing  double  heads  on  the 
left  and  some  structure  m  the  high-J  regions  to  the  right.  The  laser  bandwidth 


Is  here  12  cm~'.  Bottom.  Scan  of  a  smalt  region  at  narrower  laser  bandwidth. 
0.3  cm-1,  showing  individual  rotational  Ikies  which  constitute  the  feature  near 
34100  cm-'  In  the  upper  scan.  The  region  marked  "reset  etakxT  is  an  artifact 
of  the  scanning  mechanism.  [Reprinted  from  the  Journal  of  Chemical 
Physics] 


measured  as  a  function  of  o"\  from  it  may  be  extracted  the 
Franck-Condon  factor 

?„■*-  ■  |/^i,  (r)^„-(r)dr|2  (1) 

which  is  the  square  of  the  integral  of  the  upper  and  lower  state 
vibrational  wavefunctions  taken  over  the  intemuclear  distance 
r.  q„-u-  is  proportional  to  the  measured  /„•„•.  Tuning  the  laser 
so  that  a  different  0'  is  excited,  and  repeating  the  fluorescence 
scan,  permit  the  full  matrix  <?„■„-  to  be  obtained.  This,  we  shall 
see,  provides  a  simple  pictorial  description  of  the  \f/u  (r). 

The  Sg  is  contained  in  a  small  cell,  and  is  produced  by 
heating  liquid  sulfur  in  a  reservoir  to  about  100°C.  This  yields 
a  pressure  of  some  50  mTorr  total  of  sulfur  which  exists  pre¬ 
dominantly  in  the  form  of  Sa  and  S8,  plus  some  S4  and  Sg.  The 
body  of  the  cell  is  kept  much  hotter,  about  600°C,  by  a  sepa¬ 
rate  heater  coil;  at  this  temperature  the  equilibrium  constants 
for  the  reactions  among  the  several  species  are  such  that  nearly 
all  of  the  sulfur  is  in  the  form  of  Sg. 

The  first  part  of  the  experiment  consists  of  an  excitation 
scan  so  as  to  select  a  particular  line.  We  begin  by  operating  the 
laser  in  a  wide  bandwidth  (12  cm*1)  mode  and  scan  across  an 
entire  vibrational  band.  This  is  shown  in  the  upper  trace  in 
Figure  6,  in  which  v’  *  6  is  excited.  The  laser  operation  is 
shifted  to  narrow  bandwidth  (0.3  cm-1),  and  a  small  portion 
of  the  band  is  now  scanned  (lower  trace  in  Fig.  6);  the  unre¬ 
solved  feature  in  the  first  scan  is  seen  to  actually  consist  of  a 
series  of  individual  rotational  lines. 

The  laser  is  now  set  to  excite  one  line,  and  a  fluorescence 
scan  is  made  (see  Fig.  7).  This  is  first  done  over  a  small 
wavelength  region  covering  the  rotational  structure  of  a  par¬ 
ticular  1/  -*  v"  term,  as  shown  in  Figure  7a  for  (6,1).  This 
pattern  is  the  same  as  that  in  Figure  4,  except  that  one  of  the 
satellites  is  here  blended  with  the  line  marked  P\.  From  the 
rotational  branch  pattern  and  the  R-P  splitting  (3.85  A  here), 
we  can  determine  the  rotational  and  fine  structure  quantum 
numbers  of  the  level  excited,  although  they  are  not  important 
for  the  current  purpose. 

A  scan  over  the  entire  region  of  emission,  extending  from 
the  ultraviolet  well  into  the  visible,  is  now  made  (Fig.  7b).  Each 
peak  corresponds  to  a  particular  v".  The  full  c'  =  6  —  c” 
pattern  can  be  seen,  beginning  with  the  (6.0)  band  marked 
with  the  asterisk  and  corresponding  to  the  excitation,  out  to 
the  (6,26)  band  on  the  far  right.  Each  of  the  terms  contains  the 
same  rotational  structure  as  in  Figure  7a. 

The  ability  of  LIF  to  clean  up  an  emission  spectrum  is  at- 
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taatad  to  by  tha  fact  that  of  tha  27  tarma  belonging  to  u'  *  8 
Man  in  this  study,  only  nina  had  baan  previously  raportad  in 
tha  convantional  spectroscopic  literatura,  dua  primarily  to 
overlapping  by  othar  bands.  An  a  lamination  of  Figure  7b  ra- 
vaals  a  vary  regular  pattam  to  tha  intensities  aa  tha  wavelength 
and  hanca  o'  in  cress  as.  An  undulatinf  envelops  having  savan 
maxims  can  be  easily  discerned.  This  pattam  is  subject  to  a 
vary  simple  explanation,  through  tha  Franck -Condon  prin¬ 
ciple,  dearly  illustrating  tha  validity  of  a  wava lilts  picture  of 
vibrational  motion. 

Tha  Franck-Condon  principle,  which  governs  tha  intensi¬ 
ties,  may  ha  stated  in  a  classical  formulation  to  require  that 
neither  tha  interaudear  distance  nor  the  instantaneous  value 
of  tha  momentum  is  altered  during  an  electronic  transition 
(which  occurs  much  more  rapidly  than  nuclear  motion  takas 
place).  Quantum  mechanically,  these  two  requirements  must 
be  satisfied  simultaneously,  as  reflected  in  tha  integral  of  eqn. 
(1).  In  Figure  8  on  the  left  are  shown  schematic  wavefunctions 
for  S«  for  a  single  o'  and  several  u*.  Consider  tha  overlap  with 
v*  ■  20.  The  rapid  oscillations  in  the  center  of  the  o'  ■  20 
wavefunction  will  yield  alternating  positive  and  negative 
valuee  when  multiplied  by  the  more  slowly  varying  upper  stats 
wavefunction.  Consequently  tha  contributions  to  the  integral 
from  the  central  region  of  interaudear  distance  will  tend  to 
cancel,  and  tha  integral  will  be  dominated  by  the  slowly 
varying  lobe  of  near  tha  right  hand  part  of  the  poten¬ 
tial 

This  argument  is  extended  graphically  in  the  right  hand 
side  of  Figure  8,  where  the  effective  has  been  replaced  by 
a  function  which  is  zero  except  for  a  gate,  or  delta  function, 
attached  to  the  ground  state  potential  at  the  right  hand 
turning  point*  r„-.  In  this  approximation  one  may  write  the 
Franck-Condon  factor  as 

<?.  v  *  |J'^„  (riWr^-Hirl1 »  |i),  ir,-l|*  <21 

i.e..  it  represents  the  square  of  the  probability  amplitude  of 
the  upper  state  wavefunction  evaluated  at  r,  Since  r  •  in- 


9  The  two  timing  poms  ere  thoM  values  of  r  where  the  total  energy 
of  the  vibrational  state  it  ootentiel.  met  is.  where  me  energy  level  cuts 
me  potential  curve. 


a*  S*.  Left  Wivefincbon  tar  ✓  m  9  and  several  ground  sure  levels. 
Sehwiwae  reptacemem  of  the  ground  ease  wavefunettane  by  e  gate  attecned 
e  each  dpe-nsed  seneig  pare,  inmseeig  v*  sitacovely  scene  ew  g—  to  argsr 
iiawiwclaai  distance  r.  treang  out  l^.l’ws  Deletion  or  r.  [Repnmea  from 
bw  Journal  of  Chemical  Aywca) 


PlgweS.  A  ptot  of  Pie  eapsnmenaliVv' versus  ground  stale  ri#«  bend  tuning 
POM  r,’.  Thta  yields  In  effect  ■  plot  of  eeeft  |4v<dl*. ss robonetasd  in  me  test 
The  poswilW  cuw  ■  the  0  stele  poumei  cieve.  sugenmpossd  independemiy. 
EspecteO  taeeeee  of  ewee  "espertawnwl  wevefietcttane"  which  e«n  be  seen 
sre  v  +  l  tabee end  vnoaee.  wide  wevetangm inversely  retatedte the mean- 
teneoue  kinetic  energy  (Reprinted  Own  ew  Jdumsl  of  Chemtael  Physics) 


creases  smoothly  with  o'.  the  spectrum  in  Figure  7b  reflects 
the  value  of  |  ( r  1 1 1  with  r  increasing.  Recalling  the  harmonic 
oscillator  wavefunctions  for  o'  *  6,  the  meaning  of  the  seven 
lobes  is  now  clear. 

The  values  of  rv-  can  be  obtained  from  the  spectral  Con¬ 
stanta  of  tha  ground  stata,  and  a  plot  of  qvv-  vs.  r„-  should 
(within  tha  spirit  of  the  approximation  in  eqn.  (2))  yield  di¬ 
rectly  the  probability  distribution  of  as  a  function  of  in- 
temuciear  distance.  Measurements  have  been  made  on  ail  ten 
bound  vibrational  levels  of  BJZU';  half  of  these  were  made 
using  LIF  U)  and  half  by  the  pre-laser  counterpart  of  exci¬ 
tation  by  a  coincidentally  overlapping  atomic  line  <51. 

The  results  are  displayed  in  Figure  9.  For  each  r  .  and  q . 
are  plotted  as  a  function  of  r.  ■  with  zero  at  the  corresponding 
energy  level  i  chat  is.  the  way  vibrational  wavefunctions  are 
often  drawn).  Superimposed  on  the  Vi .  -  pattern  is  the  po¬ 
tential  curve  for  the  B  electronic  state:  it  is  to  be  emphasized 
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that  the  potential  curve  plot  and  the  plots  are  entirely 
independent  of  one  another. 

The  assumptions  involved  in  the  use  of  eqn.  (2)  preclude 
attaching  a  hill  quantitative  significance  to  Figure  9;  none¬ 
theless,  the  results  are  instructive.  The  “wave  functions"  ex¬ 
hibit  the  proper  number  of  lobes  and  span  the  expected  region 
of  internudear  separation  with  reasonable  centering.  The 
undulations  in  the  center  (where  the  kinetic  energy  is  high) 
have  a  shorter  effective  wavelength  than  those  near  the 
turning  points,  and  there  is  some  finite  though  small  ampli¬ 
tude  in  the  classically  forbidden  region  outside  the  potential. 
In  any  event,  these  results  form  a  compelling  reminder  that 
molecular  vibration  is  indeed  described  by  a  wavelike  picture; 
in  fact,  the  essence  of  this  is  contained  in  the  raw  intensity 
data  of  Figure  7b. 

Vferationaf  Energy  Transfer  In  OH 

We  hate  seen  that  LIF  can  provide  spectroscopic  (i.e., 
structural)  information  about  isolated  molecules.  It  is  also 
invaluable  as  a  state  preparation  method  for  collisional  energy 
transfer  studies.  As  an  illustration,  we  consider  vibrational 
energy  transfer  in  the  OH  molecule  (6). 

The  OH  is  produced  in  a  flow  system  by  the  reaction  H  + 
N02;  the  H  atoms  are  formed  by  a  microwave  discharge  in  H2 
vapor.  Controlled  amounts  of  other  gases  are  added  as  collision 
partners.  The  OH  is  excited  by  the  laser  to  a  specific  fine 
structure  component  of  a  particular  rotational  level  in  o'  ■  1 
of  the  A22+  excited  state.  Emission  in  the  (1,1)  band  will 
identify  molecules  within  this  initially  excited  vibrational 
level  If  the  presence  of  added  gas  is  high  enough  that  collisions 
occur  before  the  OH  fluoresces,  some  of  the  molecules  may  be 
transferred  downward  to  o'  ■  0  of  the  excited  state,  losing 
~3000  cm-1  of  vibrational  energy.  These  collisionally. trans¬ 
ferred  molecules  can  be  measured  by  the  fluorescence  in  the 
(0,0)  band. 

Figure  10  exhibits  the  experimental  results.  As  signified  in 
the  top  scan,  emission  to  the  left  of  the  short  vertical  line  at 
3124  A  is  the  (0,0)  band,  while  the  (1,1)  band  lies  to  the  right. 
Here,  the  IV'  ■  3 ,«/'  “  3*4  level  in  o'  ■  1  is  pumped  by  the  laser. 
In  scan  (a),  only  OH  molecules  are  present  and  the  spectrum 
consists  of  the  six  marked  rotational  branches  emitted  by  this 
level  (A  small  number  of  weaker  lines  is  also  present;  as  in 
Figure  5  these  are  due  to  collisions  with  the  ever-present  H20 
and  NO*  and  will  be  ignored.)  In  the  absence  of  collisions, 
there  is  no  OH  in  o'  •  0  and  the  (0,0)  band  region  is  dark. 

In  scan  (b),  about  1  to rr  He  has  been  added.  In  the  (1,1) 
region,  we  see  not  only  the  distinctive  pattern  emitted  by  the 
pumped  level,  but  also  additional  lines  due  to  other  rotational 
levels  within  o'  »  1,  which  have  been  populated  by  rotational 
energy  transfer  due  to  collisions  with  the  He.  A  very  small 
amount  of  fluorescence  is  seen  in  (0,0),  coming  from  OH 
molecules  which  have  been  collisionally  transferred  down¬ 
ward  into  o'  *  0.  Now  the  separation  between  adjacent  rota¬ 
tional  levels  in  o'  *  1  is  some  tens  of  cm~l,  much  smaller  than 
the  vibrational  energy  difference.  Energy  transfer  is  expected 
to  occur  less  efficiently  for  a  larger  energy  defect.  For  He  as 
a  collision  partner,  the  weaker  fluorescence  from  o'  »  0, 
compared  to  that  from  rotationally  transferred  molecules 
within  o'  “  1,  is  in  accord  with  this  notion. 

H2  is  a  light  molecule  and,  although  it  does  have  internal 
vibrational  and  rotational  energy  levels,  they  are  widely 
spaced,  so  that  one  might  expect  it  to  behave  not  unlike  He 
as  a  collision  partner.  However,  Figure  10c,  which  shows  the 
fluorescence  spectrum  obtained  in  the  presence  of  ~1  tore  H2, 
is  strikingly  different.  The  (1,1)  band  again  shows  the  lines 
emitted  by  the  pumped  level,  plus  some  due  to  rotational 
transfer,  but  less  rotational  transfer  has  occurred  than  with 
He.  The  amount  of  vibrational  transfer,  as  seen  by  tlw  eLative 
intensity  of  (0,0),  is,  however,  much  larger.  Here  the  rrte  of 
vibrational  transfer  is  actually  faster  than  rotational  transfer. 
The  surprising  result  does  appear  to  be  linked  with  the  in- 
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Figure  10.  Fkaorascanca  scans  of  OH  sscttad  to  the  ✓  -  1,  V  -  3,  J  -  3’/2 
luvulof  ft*  »  stats.  To  Sts  left  (X  <3124  A)  Was  amission  In  the  (0.0)  band  aid 
tofts  rigd  amission  In  (1.1).  a.  No  addad  gas.  Tha  rotational  linen  emitted  in  the 
(1,1)  band  by  the  pumped  level  are  marked  (a  few  small  features  are  due  to 
coMalona  wlft  backpoutd  gasaa  as  St  Fig.  5).  Wflft  no  coMaione  occuntng,  there 
is  no  population  In  </  *»  0  and  consequently  no  emission  in  the  (0.0)  band.  b,  ~  1 
ton  Ha  addad.  In  addMon  to  the  Knee  emMed  by  fte  pimped  level,  odier  rotational 
lines  In  fts  (1, 1)  band  arise  through  collisional  rotational  energy  transfer  within 
v'  “  1.  The  amission  in  (0.0)  originates  from  molecules  which  have  undergone 
vibrational  transfer  collisions  to  ✓  “  0.  The  relative  intensities  show  that  the 
vibrational  transfer,  which  has  a  much  larger  energy  differ  once,  occurs  more 
slowfy  than  rotational  transfer,  for  the  coMsions.  c.  ~  1  ton  Hj  added.  Here,  much 
mors  vibrational  transfer  occtre,  as  indicated  by  ths  (0.0)  Intensity:  It  actually 
is  faster  than  rotational  transfer  within  /  •  1  for  collisions  with  H2.  [Reprinted 
from  the  Journal  of  Chemical  Physics] 


temal  structure  of  the  H2,  which  provides,  compared  with  He, 
extra  channels  in  which  to  deposit  the  excess  energy.  The  full 
series  of  experiments  (6)  include  Ar,  N2  and  Do  as  a  collision 
partner,  OD  as  the  pumped  molecule,  transfer  from  o'  *  2.  and 
measurements  of  the  rotational  distribution  of  the  collisionally 
transferred  OH.  These  all  point  to  the  conclusion  that  the 
vibrational  energy  transfer,  for  diatomics  as  a  collision  partner, 
occurs  as  a  result  of  a  long-lived  collision  involving  attractive 
interactions. 

Yet  another  important  and  surprising  result  can  be  ob¬ 
tained  from  the  data,  exploiting  the  tunability  of  the  laser. 
Consider  again  Figure  10c.  The  rotational  branch  pattern  in 
the  ( 1,1)  band  shows  that  most  of  the  molecules  in  v'  *  1  are 
in  the  initially  pumped  rotational  level.  This  means  that  the 
molecules  which  are  transferred  to  v'  *  0  originated  from  that 
same  level.  That  is.  the  vibrational  transfer  which  has  occurred 
is  specific  to  the  initially  pumped  rotational  level.  We  can 
measure  the  vibrational  transfer  rate  constant  lor  cross  sec¬ 
tion)  from  the  (0.0)  to  1 1.1)  intensity  ratio  as  a  function  of 
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preaeura  of  the  colliikm  partner.  Tuning  tho  Is Mr  ku  to 
pump  •  sequence  of  rotational  lav* Is  than  will  provide  tho 
initial  rotstionol  level  dependence  of  tha  vibrational  transfer 
rata. 

Tha  prior  expectation  is  to  find  littla  or  no  dapaixianca  on 
S'.  Th*  results,  shown  in  Figure  11  for  N]  as  a  collision  part- 
nar,  domonstrat*  quit*  th*  oppoait* — s  vary  noticaabl*  vari¬ 
ation  with  initial  rotational  lavaL  This  is  not  a  mattar  of  snarly 
differences,  or  rasonant  exchange  of  any  kind.  Rath*r,  it  ap¬ 
pears  that  th*  initial  collision  dynamics,  in  th*  tntranc* 
channal  to  th*  long-livad  complex,  a ra  raaponsibl*.  Th*  at- 
tractiva  fore**  leading  to  th*  complex  an  anisotropic  with 
r*sp*ct  to  th*  OH  (as  bafitt  its  strong  dipolar  character).  As 
th*  OH  rotates,  approaching  velocities  not  unlike  that  of  th* 
collision  pair,  th*  anisotropy  would  b*  washed  out  and  th*  ease 
of  formation  of  th*  complex  reduced. 

Th*  results  in  Figum  11  do  not  demand  this  explanation  but 
it  is  plausible.  At  tha  vary  least,  they  demonstrate  that  mo¬ 
lecular  collisions,  when  investigated  on  a  detailed  basis,  exhibit 
features  and  behavior  far  richer  in  variety  and  complexity  that 
previously  supposed.  It  is  through  th*  clean  state  preparation 
afforded  by  LIF,  and  its  ability  to  pump  a  sequence  of  levels 
to  a*  to  compare  results,  that  such  details  can  enlarge. 

uwyKMUwi  rw  womwpMn  wnvfnwnf 

Besid**  providing  fundamental  spectroscopic  and  colli¬ 
sions!  information,  LIF  is  also  becoming  of  more  practical 
importance,  notably  as  a  tool  for  th*  study  of  flam**.  It  is  on* 
of  a  family  of  laser  spectroscopic  probes  whose  development 
has  bean  th*  subject  of  a  significant  effort  within  th*  past  tew 
years  1 7), 

By  spectroscopic  probes  is  meant  thoa*  methods  which 
provide  concentration*  and  temperatures  •  population  dis¬ 
tributions  over  internal  levels)  of  identifiable  molecular 


species.  Chief  among  these  are  spontaneous  and  coherent 
Raman  scattering  and  LIF.  all  of  which  share  a  number  of 
common  attributes.  Each  has  a  high  degree  of  spatial  resolu¬ 
tion,  achievable  by  focussing  the  laser  beam  to  a  diameter  of 
100  m  or  leaa  and  imaging  the  signal  through  a  slit  in  front  of 
th*  detector.  This  is  necessary  whan  probing  a  flame  at  at- 
moapheric  pressure,  where  th*  flam*  thickness,  or  region  over 
which  significant  chemical  conversion  and  hence  steep  con¬ 
centration  gradients  occur,  is  often  less  than  1  mm.  The  use 
of  pulsed  Lasers  and  single-shot  data  acquisition  means  a  time 
resolution  of  10  nsec,  much  faster  than  flow  times  or  chemical 
activity  can  distort  a  given  spatial  region  in  a  time-dependent 
system  such  as  s  turbulent  flame  or  detonation.  Importantly, 
the  laser  methods  are  non-intrusive;  that  is,  they  do  not  per¬ 
turb  the  gas  flow  and/or  chemistry  such  as  can  occur  when  a 
physical  probe  such  as  a  thermocouple  or  sampling  nozzle  is 
inserted  into  the  flame.  Also,  they  can  be  used  in  environments 
too  hostile  (high  temperature  or  corrosive  atmospheres)  to 
permit  the  insertion  of  such  physical  probes. 

The  information  obtained  from  the  laser  methods  are 
typically  in  the  form  of  profiles  of  species  concentrations  and 
temperatures  through  the  flame,  which  are  then  compared 
with  models  of  the  flame  structure.  LIF  and  the  Raman 
methods  complement  one  another  well  in  providing  a  wide 
range  of  moleoiies  which  can  be  studied.  The  Raman  scat¬ 
tering  methods  yield  a  relatively  easily  analyzed  measure  of 
the  majority  species  present,  that  is,  the  fuel,  oxidant,  main 
exhaust  gases,  and,  in  an  air  flame,  N2.  However,  signal 
strength  considerations  limit  typical  detectivities  to  about 
0.5-1  mole  per  cent,  and  the  Raman  methods  generally  cannot 
measure  the  transient  species  (often  free  radicals)  present  at 
low  concentration.  LIF  has  the  needed  sensitivity  and  can 
furnish  a  measurement  of  the  concentration  of  these  inter¬ 
mediates,  crucial  to  an  understanding  of  the  chemistry  of  the 
combustion  process.  On  the  other  hand,  most  of  the  closed- 
shell  majority  species  cannot  be  made  to  fluoresce  (due  often 
to  a  predittociative  nature  of  the  lowest  accessible  excited 
state).  Hence,  both  the  Raman  techniques  and  LIF  are  needed 
for  a  full  characterization  of  the  combustion  process  using 
laser  spectroecopic  methods. 

As  noted,  LIF  has  high  sensitivity.  For  example,  under  fa¬ 
vorable  conditions.  OH  in  an  atmospheric  pressure  flame  can 
be  detected  at  sub-part-per-billion  concentration  levels  with 
1  mm1  spatial  resolution  and  during  a  single  10  nsec  laser  shot, 
producing  a  signal  level  of  ~-100  photoelectrons.  Averaging 
over  a  number  of  pulses,  as  one  would  typically  do  in  the  study 
of  a  flame  in  the  laboratory*  would  permit  extending  the 
sensitivity  or  tightening  th*  spatial  resolution. 

Clearly,  LIF  is  sensitive  enough  to  detect  transient  species. 
For  it  to  work,  however,  one  must  have  suitably  separated 
electronic  states,  th*  lower  of  which  absorbs  the  laser  light  and 
the  upper  of  which  fluoresces.  Serendipitously,  many  of  the 
key  intermediatee  in  combustion  chemistry  can  be  made  to 
fluoresce  following  laser  excitation.  In  Table  1  are  listed  those 
molecules  which  have  been  observed  using  LIF  in  flow  systems 
and/or  in  flames,  and  which  arise  as  "natural”  7  intermediates 
in  th*  combustion  process.  Of  these,  the  OH  molecule  is  by  far 
th*  most  popular  for  probing  in  flames  via  LIF.  for  several 
reasons.  It  is  an  ubiquitous  and  important  reaction  interme¬ 
diate.  so  that  its  presence  can  serve  to  signify  th*  occurrence 
of  combustion,  s  sort  of  index  of  the  degree  of  reaction.  Th* 
spactroacopic  data  bare  is  well  established,  end  th*  necessary 
laser  wavelengths  are  especially  convenient  for  th*  experi- 


*  The  smgta-mot  figure  of  merit  t  Oirecfty  aopucad*  to  proerng  e 
ttme-oeoendent  name,  such  a*  a  turoutant  on*.  «n*r*  tha  data  must 
3*  collected  and  analyzed  on  a  snot-oy-snot  Das>*. 

7  Thu*  a  numoar  of  specie*  such  as  matai  atom*  and  thaw  omca* 
and  Wide*.  «n icn  can  sa  iatactad  with  of  out  era  usually  ootamao 
in  Mamas  oy  seeding,  ara  not  istad.  *iso  *<cud*o  1  a  considered* 
numoar  of  large  organic  moiacuiaa  suen  aa  santan*.  acetone,  sanzvt 
radical*,  ate. 
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mentalist.  A  complete  picture  of  a  combustion  chemical  net¬ 
work  of  course  requires  measurements  on  other  species  as  well, 
comparing  the  profiles  of  different  intermediates  as  they  ap¬ 
pear  and  disappear  through  the  flame. 

The  high  sensitivity  of  LIF  arises  because  one  creates  with 
the  laser  a  real  electronically  excited  state,  in  contrast  to  the 
virtual  states  involved  in  the  Raman  scattering  methods. 
Concomitant  with  this  sensitivity  is,  however,  the  chief  dis¬ 
advantage  of  LIF  as  a  combustion  probe:  because  the  excited 
state  possesses  a  finite  lifetime,  it  is  subject  to  collision  pro¬ 
cesses  which  affect  both  the  magnitude  and  spectral  form  of 
the  observed  fluorescence  signals  (8). 

The  types  of  collisions  can  be  separated  into  two  categories. 
Energy  transfer  collisions  move  the  excited  molecule  to  dif¬ 
ferent  levels  of  the  excited  state  and  alter  the  fluorescence 
spectrum.  This  is  readily  apparent  in  Figures  5  and  10  for  OR 
If  the  energy  transfer  cross  section  is  a  function  of  the  excited 
level,  as  we  have  seen  to  be  the  case  for  vibrational  transfer 
in  OH,  the  spectrum  will  be  different  for  different  pumped 
levels.  This  can  easily  be  accounted  for  if  cognizance  of  the 
effect  is  taken;  but  if  unnoticed  under  typical  operating  con¬ 
ditions  it  can  lead  to,  for  example,  significant  (several  hundred 
degrees)  systematic  errors  in  temperatures  deduced  from 
excitation  scans  (9). 

Of  more  concern,  and  harder  to  account  for,  is  the  occur¬ 
rence  of  quenching  collisions  which  return  the  excited  mole¬ 
cule  to  the  ground  state  nonradiatively.  The  observed  fluo¬ 
rescence  signal  is  proportional  to  the  excited  state  population 
N,  which  can  be  related  to  the  (desired)  ground  state  popu¬ 
lation  IV,  through  a  simple  steady  state  balance* 


Hence,  a  is  the  excitation  rate  due  to  absorption  of  the  laser 
photons,  A  is  the  radiative  rate,  and  Q  is  the  collisional 
quenching  rate,  all  in  see-1  units.  For  OH,  A  ~  1.4  X  10*  sec-1 
while  in  typical  flame  gases  at  atmospheric  pressure  Q  exceeds 
10*  sec-1,  so  that  only  about  one  in  a  thousand  excited  OH 
molecules  radiates.  Thus  an  accurate  determination  of  abso¬ 
lute  values  of  N,  requires  accurate  values  for  Q — a  tall  order 
given  the  complexity,  and  variation  with  position,  of  the 
composition  of  flame  gases.  Several  approaches  are  under 
development  to  attack  this  problem,  as  reviewed  in  reference 
(8);  although  more  work  remains  to  be  done,  the  outlook  ap¬ 
pears  promising,  especially  for  measurements  in  laboratory 
flames  where  the  collision  environment  can  be  character- 
ized. 

Even  when  one  lacks  information  concerning  the  quenching 
rates,  significant  and  important  information  can  be  obtained 
using  even  coarse  estimates.  This  is  illustrated  with  a  very 
simple  experiment  involving  the  flame  of  CR*  burning  in  NjO, 
which  has  been  under  study  in  our  laboratory. 

The  N — N  bond  strength  in  N2O  is  4.93  eV  while  the  N — 0 
bond  strength  is  1.68  eV.  Therefore  the  obvious  chemical 
mechanism  would  involve  a  splitting  off  of  the  oxygen  atom 
and  subsequent  oxidation  of  the  hydrocarbon  with  the  Nj  an 


Flgm  12.  SWameSc  dtopam  at  Sw  lepwaM  umO  tar  iaMhannal  laser  py- 
rotytla  «Wi  UF  dstaeaon.  A  madure  ol  Ng  as  UWi  gat.  SS,  as  MartMT.  and  HfOt 
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pose  mao  OH  radtaats.  These  are  detected  me  Lessened  By  a  pulsed  laser  tlrad 
a  (tone  At  attar  the  CO*  pulse 

experimental  results  yield  a  ratio  [NH]/(OH|  ~  0.04  for  the 
reaction  zone  of  this  flame.  In  a  separate  experiment,  the  OH 
concentration  was  shown  to  be  present  in  a  typically  large 
amount,  ~7  X  10“  cm-*  Thus  the  NH  concentration  is  ~3 
x  10“  cm-*,  high  enough  to  be  of  considerable  chemical  sig¬ 
nificance. 

Because  of  the  need  to  estimate  Q/A,  theee  results  are  not 
accurate  enough  to  provide  any  quantitative  comparison  with 
assumed  mechanisms.  They  do,  however,  contain  a  crucial 
message:  any  model  of  the  CH4/N1O  flame  chemistry  which 
ignores  breakage  of  the  N — N  bond  is  unwise.  Thus  the  tone 
for  the  development  of  a  mechanism  is  set  by  this  simple, 
qualitative  experiment.  The  next  step  would  be  to  search  for 
other  species  whose  presence  or  absence  in  the  flame  answers 
important  questions  concerning  that  mechanism;  for  example, 
ideas  about  the  chemistry  involved  have  identified  the  NCO 
molecule  as  a  possible  species  in  this  category,  and  this  formed 
the  impetus  for  the  laser  spectroscopic  study  of  NCO  illus¬ 
trated  in  Figure  2. 

A  flame  bums  through  a  complex  interplay  of  physical  and 
chemical  phenomena.  The  exoergic  chemical  reactions  of 
combustion  heat  up  the  flame  gases,  further  accelerating  the 
rate  of  reaction;  also  considerable  chain  branching  and  se¬ 
quences  are  involved.  Transfer  of  mass  and  heat  and  the 
overall  flow  dynamics  of  the  gases  are  intricately  interwoven 
with  the  chemistry  to  produce  the  overall  structure  of  a  flame, 
and  all  of  these  processes  must  be  taken  together  to  produce 
a  proper  theoretical  description.  In  fact,  it  has  been  suggested 
that  a  flame  itself  is  a  very  poor  candidate  for  study  if  one 
wishes  to  understand  flame  chemistry. 

It  would  be  satisfying  to  construct  a  model  of  the  combus¬ 
tion  chemical  reaction  mechanism  based  on  rate  constants 
determined  in  separate,  independent  experiments.  This  can 
be  done  to  some  degree  using  values  obtained  from  flow  sys- 


inert  bystander,  much  as  in  a  CR/air  flame.  The  conventional 
emission  spectrum  of  the  CR*/N20  flame  shows  bands  due 
to  NH,  NR,  NO  and  CN  (plus  the  omnipresent  OH);  all  of 
these  can  be  formed  only  through  breakage  of  the  N—  N  bond. 
However,  because  of  the  possibility  of  chemiluminescent  ex¬ 
citation  occurring  within  the  flame,  the  existence  of  emission 
does  not  necessarily  denote  significant  concentrations  of  these 
radicals  in  their  chemically  relevant  ground  states. 

LIF,  on  the  other  hand,  can  provide  the  needed  information. 
Excitation  scans  were  made  in  the  A-X  system  of  the  OH 
molecule  near  3080  A  and  the  A3Ilj-X3Z-  system  of  the  NH 
molecule  near  3360  A,  with  the  laser  directed  into  the  flame 
near  the  most  intensely  luminous  portion.  There  exists  a 
near-total  absence  of  information  on  quenching  rate  constants 
for  the  excited  state  of  NH,  so  the  ratio  Q/A  was  simply  esti¬ 
mated  to  be  the  same  for  both  species.  Using  this  guess,  the 


tern  studies  and  shock  tube  results,  but  the  temperature  de¬ 
pendence  of  many  reactions  in  the  regions  pertinent  to  flames 
remains  lacking.  We  have  recently  carried  out  some  prelimi¬ 
nary  measurements  (10),  combining  the  use  of  LIF  with  the 
method  of  isothermal  laser  pyrolysis  (ILP).  ILP,  with  detec¬ 
tion  using  gas  chromatography  and  mass  spectroscopy,  has 
been  studied  and  applied  at  SRI  within  the  past  few  years 
(11);  the  addition  of  LIF  as  a  detection  technique,  should,  we 
feel,  provide  a  powerful  tool  for  the  measurement  of  rate 
constants  and  small  chemical  networks  involving  radical 
species. 

A  schematic  diagram  of  the  apparatus  used  is  shown  in 
Figure  12.  A  mixture  of  N2  and  SF6  together  with  some  sample 

•  In  the  limit  of  low  laser  power,  mat  is.  when  no  optical  saturation 
effects  are  present. 
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Ftgrn  14.  ExcMMon tern »wou#i  me  R-Ormeh  region  of  th*  (0.0) band ofth* 
A-X  wilem  o f OH  Th*  rolitlonef  Branch**  are  mam  ad  with  tha  valua  of  tha 
TOund  sna  quenasw  nuntbar  *C  foe.  Single  phoaqn  aacttatkm:  bottom, 
moiXioMnaiciBflon.ThahonxonHcafaiaaeaort)adanaigin*i*iia.fia(aingltl 
and  2/w  (doubt*)).  Tha  dWaranoaa  in  tha  apecsra  anaa  Oecauae  tha  two  typaa 
o t  axcttadon  ongmala  from  oppottta  \<doubltng  componanta  of  aach  rofattonat 
Wwal  of  tha  ground  2 II,  ttata. 


subsequent  reaction*  take  place,  if  a  real-time  monitor  such 
as  LIF  is  employed.  In  addition  to  studying  such  bimolecular 
reactions  such  as  the  one  described  here,  we  plan  to  perform 
experiments  in  which  radical  species  are  not  only  reactants 
but  also  products,  so  that  small  chemical  networks  can  be 
followed.  With  the  large  variety  of  species  which  can  be  de¬ 
tected  with  LIF  (see  Table  1)  this  should  permit  the  detailed 
investigation  of  a  large  number  of  reaction*  important  in 
combustion  systems. 


npseia.  RaaMM  of  LFA*  a^ahmana.  Mowing  *w  OH  danety  aa  a  tactai 
of  dm*  after  *w  CO,  puM*.  a  n*  V*.  and  HjO«  in  Sw  cad.  The  rise  la  due  to 
tie  daeodipowaon  of  e»  M,Ot,  and  e»  ttom  daoaaa*  m  long  amae  la  Pacauae 
at  dsssag  wdhM  Ms  eML  Tha  tempaiaate  is  aw  graiM  wait  retadonaf  tanh 
IMieaaa  inaaainil  najnpran  liffeanirnlnnat  ima«  at  f~  TH  iiur  IT  ~i 
adtadiediamadwe.'ThasoadHnaridraiaweMddlalnaaniMnedwttine 
CHw  Kara.  tie  leu  Buaw  Mo«  -  OH  la  rammed  by  a  raacaon  wdh  tw  CHh 
*om  *ie  erne  ilepandanoa  can  0*  jo  mad  *w  reaction  raaaoonatanlaH300 
K. 

gas— HfOs,  in  these  proof -of-principle  experiments — slowly 
flows  through  a  reaction  calL  A  pulsed  CO»  laser  (~1  nsec 
pubs  length)  is  fired  into  the  mixture,  and  its  energy  is  ab¬ 
sorbed  by  the  SF«.  Rapid  transfer  of  the  vibrational  energy 
-f -i-y  cpg  riftt”*1.  and  wwwfw 

of  the  other  gases  beets  the  sample  to  some  given  tempera¬ 
ture,*  chosen  by  the  amount  of  SF*  used  which  dictates  the 
amount  of  leaer  energy  absorbed.  In  the  caae  chosen  hero,  the 
HjOj  pyroiyxsa,  falling  apart  into  OH  radicals.  Following  the 
COs  pulse,  after  a  predetermined  time  delay  which  is  set 
electronically,  the  dye  laser  is  triggered  and  excites  fluores¬ 
cence  in  the  OH. 

The  results  of  the  experiment  are  shown  in  Figure  13a.  The 
time  delay  is  varied  so  that  the  temporal  profile  of  the  OH 
concentration  can  be  followed.  Here  it  rise*  as  the  HjOi  de¬ 
composes.  remains  steady  at  some  plateau  value,  and  finally 
falls  off  as  tha  mixture  begins  to  cool  A  temperature  of  1300 
K  in  the  plateau  region  is  measured  by  tuning  the  laser  to  a 
different  rotational  line  and  obtaining  a  rotational  tempera¬ 
ture;  obviously  on*  could  in  this  way  follow  the  time  depen¬ 
dence  of  the  temperature  as  well. 

In  the  next  phase  of  the  experiment,  a  little  CH«  is  added 
to  the  flow.  In  Figure  13b,  the  solid  line  represents  the  same 
OH  time-dependent  concentration  measured  in  the  first  ex¬ 
periment  (i.*.,  in  Fig.  13a).  Now,  however,  the  OH.  after  rising 
in  the  first  10  Msec,  falls  due  to  reaction  with  the  CH4,  as  shown 
by  the  points  in  Figure  13b.  From  these  we  may  extract  a  rate 
constant  for  the  OH  +  CR,  reaction  at  1300  K;  the  results  are 
within  ~20%  of  the  best  literature  value  at  this  tempera¬ 
ture. 

The  preliminary  experiments  illustrated  in  Figure  13  were 
not  carried  out  at  a  level  of  accuracy  to  warrant  such  a  good 
level  of  agreement,  but  the  numerical  result  does  illustrate 
that  the  1LP  LIF  method  works  well  and  holds  high  promise 
for  the  determination  of  high-temperature  rate  constants.  The 
heating  <>f  the  gases  inside  the  ceil  avoids  heterogeneous  re¬ 
actions  sometimes  encountered  in  wall-heated  reactors:  the 
us*  of  .1  pulsed  heating  method  can  simplify  situations  where 


Two-Ptioton  Excitation 

All  of  the  experiments  described  thus  far  involve  fluores¬ 
cence  from  the  excited  state  following  the  absorption  of  a 
single  Laser  photon.  The  advent  of  powerful  commercially 
available  dye  lasers  has  made  possible  a  number  of  non-linear 
experiments10  such  as  two-photon  excitation.  Here  in  the 
excitation  procesa  the  molecule  absorb*  two  photons  simul- 
tansously,  a  procsss  with  a  small  absorption  coefficient  but 
enabled  by  the  high  photon  densities  available  with  focussed, 
pulsed  lasers.  Two-photon  LIF  provides  us  with  new  kinds  of 
information  and  permits  new  diagnostic  methods,  as  we  shall 
now  see. 

The  first  experiment  to  be  described  (12)  involves  the 
now-familiar  OH  molecule.  Instead  of  exciting  with  tha  fre¬ 
quency-doubled  dye  radiation  in  the  ultraviolet,  w*  now  use 
the  dye  laser  fundamental  in  the  red.  The  electronic  transition 
(th*  same  A22*-Xsn,  considered  before)  is  allowed  in  both 
on*  and  two-photon  absorption  because  the  OH  has  no  in¬ 
version  symmetry,  and  the  detection  is  carried  out  using  the 
single-photon  fluorescence  in  the  ultraviolet.  Th*  OH  sample 
is  produced  for  these  experiments  simply  by  operating  in  the 
hot  burnt  gaa  region  of  a  CHi/air  flame — we  now  are  using 
combustion  to  study,  laser  spectroscopy  rather  than  the  other 
way  around. 

Compared  to  one- photon  excitation,  new  selection  rules  are 
involved  in  a  two-photon  transition.  The  most  immediately 
apparent  difference  is  the  occurrence  of  new  rotational 
branches  having  XJ  m  ±2  in  addition  to  X/  ■  ±1,0.  An  in¬ 
teresting  and  useful  result  is  due  to  differences  in  parity  se¬ 
lection  rules,  as  illustrated  through  Figure  14.  This  figure 
shows  a  two-photon  excitation  scan  through  the  R-branch 
heads  of  the  iO.O)  band.  Above  it.  on  the  same  scale  of  total 
photon  energy  for  comparison,  is  the  single-photon  excitation 
Man.  The  individual  rotational  transitions  are  marked:  the 
number  listed  is  the  ground  state  value  of  .V*.  the  angular 
momentum  ignoring  electron  spin  effects.11  Note  that  the  same 
rotational  branches  do  not  appear  at  the  same  energy  in  each 
scan.  Further,  the  shift  varies  with  .V':  this  can  be  seen  for 


’  in  actuality,  mere  is  first  a  sharp,  suoeitwattng  spike  followed  Sy 
a  cooiing  wave,  all  occurring  petor*  th*  plateau  region  of  Figure  ;3: 
see  Reference  t  r  n  for  details  on  the  ohysics  of  th*  iLP  process. 

'*  <V#  nave  already  mpucitty  encountered  these  within  the  laser  ttseit 
'or  die  frequency  douonng  and  snittmg  methods  used. 

'  ’  V  1  not  s  totally  good’  quantum  numoer  out  adequately  den. 
lilies  me  met  n  this  transition 
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example  by  comparing  the  relative  positions  of  Ri(5)  and 
Ri(13)  from  upper  to  lower  trace. 

The  reason  for  this  is  as  follows.  The  ground  state  for  the 
transition  is  a  2II  state,  so  that  each  level  is  actually  a  nearly 
degenerate  pair  termed  a  X-doublet.  One  component  of  the 
doublet  has  positive  parity,  and  the  other  negative,  with  re¬ 
spect  to  a  reflection  symmetry  operation  through  the  inter- 
nuclear  axis.  The  upper  state  is  22+,  where  only  one  parity  is 
associated  with  each  rotational  level.  A  one-photon  transition 
connects  levels  of  opposite  parity  while  a  two-photon  transi¬ 
tion  occurs  between  levels  of  the  same  parity.  Therefore,  for 
a  particular  rotational  branch  between  two  specific  levels,  the 
one-photon  transition  will  originate  from  one  component  of 
the  X-doublet  and  the  two-photon  transition  will  originate 
from  the  other.  The  difference  between  corresponding  rota¬ 
tional  branches  in  Figure  14  then  directly  yields  the  X-doublet 
splitting.  This,  as  can  be  seen  from  the  figure,  increases  with 
increasing  value  of  N* .  Reducing  the  data  to  the  actual 
splitting  values  yields  the  results  shown  as  dots  in  Figure  15. 
The  solid  lines  are  the  predictions  (not  fits)  from  a  theoretical 
study,  obviously  the  theory  of  X-doubling  in  OH  is  in  good 
shape. 

In  addition  to  providing  such  fundamental  information, 
two-photon  excitation  has  promise  from  a  practical  viewpoint 
One  set  of  species  which  are  important  intermediates  in 
combustion  and  plasmas  are  the  atoms  themselves  such  as  H, 
C,  N  and  0.  These  cannot  be  detected  using  single-photon  LIF 
because  their  first  absorption  transitions  lie  far  in  the  vacuum 
ultraviolet;  even  if  there  were  lasers  operating  at  the  appro¬ 
priate  wavelengths,  the  atmosphere  and  flame  gases  are 
opaque  in  thoee  regions.  Two-photon  excitation  permits  the 
use  of  accessible  wavelengths  which  will  propagate  through 
the  air  and  flames. 

In  our  experiments  on  O  and  N  atoms  (13),  the  absorption 
of  two  photons  with  wavelengths  near  2000  A  elevates  each 
to  the  first  excited  state  of  the  same  symmetry  as  the  ground 
state.  This  state  then  emits  in  the  near  infrared  a  photon 
which  forms  the  detected  signal  The  details  of  the  states  and 
wavelengths  are  shown  in  Figure  16.  These  wavelengths  are 
usable  for  diagnostic  measurements,  and  similar  schemes  can 
be  designed  for  H  and  C  atoms. 

The  atoms  are  produced  in  a  flow  system  using  a  microwave 
discharge  in  Nj  and  He,  which  produces  N  atoms.  When  0 
atoms  are  desired,  NO  is  added  downstream  from  the  dis¬ 
charge  to  form  them  in  the  reaction  N  +  NO  —  0  +  N*  (This 
is  a  titration  reaction  detectable  by  its  chemiluminescence, 
and  can  be  used  to  measure  [N]  or  (0]).  The  necessary  laser 
radiation  is  produced  by  a  string  of  non-linear  processes.  A 
Nd:YAG  laser  at  1.064  m  is  frequency  doubled  to  5320  A, 


Flgue  IS.  \4oubM  spatting  aa  a  hncson  o*  V  m  me  x'H,  itM  of  On.  Awnr 
results  from  Sts  data  of  Figwea  u  Una.  prediction  from  theoretical  values  of 
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where  it  is  used  to  pump  a  dye  in  the  red  (for  O)  or  yellow  (for 
N).  The  dye  laser  radiation  is  frequency  doubled  to  wave¬ 
lengths  in  the  3000  A  vicinity.  This  ultraviolet  radiation  is  then 
focussed  into  a  cell  containing  —10  atm  of  H2.  Here,  stimu¬ 
lated  Raman  scattering  occurs,  producing  intense  radiation 
at  the  frequency  wr  ■  cul  —  u>h,  where  oil  is  the  input  fre¬ 
quency  and  uih  the  hydrogen  vibrational  frequency.  The 
beams  at  wr  and  oil  then,  in  the  same  cell,  undergo  a  fre¬ 
quency  mixing  process  producing  a  series  of  output  wave¬ 
length  at  u)l  ±  nun.  With  a  prism,  we  choose  the  one  corre¬ 
sponding  to  n  -  3,  at  the  wavelengths  listed  in  Figure  16. 

In  order  to  assess  the  usefulness  of  two-photon  excitation 
as  a  diagnostic,  we  must  gain  some  information  on  the  ab¬ 
sorption  coefficient  and  on  the  radiative  and  quenching  rates 
of  the  upper  state.  We  begin  by  considering  relative  transition 
probabilities  for  the  several  fine  structure  components  of  the 
ip  _  ip  transition  in  O,  to  compare  with  theoretical  calcula¬ 
tions.  The  ground  state  of  O  is  split  into  three  components; 
3Pi  is  the  lowest  while  3Pi  and  3P0  lie  at  158  and  226  cm'1 
higher,  respectively.  The  upper  3P  level  is  split  by  an  amount 
of  the  order  of  the  laser  linewidth.  Excitation  scans  across  each 
of  the  three  ground  state  components  are  shown  in  Figure  17. 
(Note  that  the  sensitivity  is  different  for  each  trace.)  The 
expected  positions  of  the  upper  state  components  accessible 
by  the  selection  rules  in  each  case  is  given  by  the  stick  di¬ 
agrams.  Although  the  upper  state  fine  structure  is  not  re¬ 
solved,  the  relative  breadths  are  in  accord  with  expecta¬ 
tions. 

To  obtain  relative  absorption  coefficients  from  the  inte¬ 
grated  intensities  of  Figure  17,  we  need  to  know  the  popula¬ 
tions  of  each  level.  This  requires  that  the  temperature  in  the 
flow  cell  be  measured.  For  this  purpose,  we  admit  some  excess 
NO  and  replace  the  infrared  filter  in  front  of  the  photomul¬ 
tiplier  with  an  ultraviolet  filter.  Only  a  few  Angstroms  from 
the  O-atom  two-photon  wavelengths  lies  the  single-photon 
absorption  of  the  (0,0)  band  of  the  A22+-X2II  system  of  NO. 
Excitation  scans  through  this  band  quickly  confirm  that  the 
system  is  at  room  temperature  with  the  discharge  either  on 
or  off.  This  then  leads  to  the  result  of  equal  two-photon 
transition  probabilities  for  each  fine  structure  component,  in 
agreement  with  theoretical  expectations. 

The  radiative  and  quenching  rates  are  determined  by 
measurements  of  the  upper  state  fluorescence  decay  as  a 
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Flgwe  IS.  Stats  assignations  and  energies,  excitation  and  detection  wavelength* 
(In  nm)  lor  the  two-photon  UF  schemes  in  O  and  N.  The  excitation  "lines  ’  actually 
have  three  components  for  0  and  four  for  ft.  due  to  fine-structure  splitting,  but 
that  does  not  show  up  on  the  scale  of  me  diagram  (Reprinted  from  Chamicsi 
Physic*  Latter*  | 


Journal  of  Chemical  Education 


function  of  time.  Figure  18  shows  a  short  series  of  such  runs 
for  0.  Here,  a  narrow  gate  on  the  gated  detector  is  scanned 
from  a  time  shortly  before  the  laser  fires  till  long  after.  Any 
given  point  in  Figure  18  thus  is  an  average  over  several  laser 
pulses  although  the  simplest  way  to  regard  each  decay  is  as 
an  oscilloscope  trace  in  real  time  of  the  fluorescence  signal 
At  early  times  the  signal  increases  as  the  laser  pulse,  ~8  nsec 
long,  pumps  the  excited  state.  The  later  decay  of  the  fluores¬ 
cence  reflects  the  decay  of  the  excited  state  population,  which 
obeys  a  first-order  rate  law 

S,  •  N,U  •  0)  exp(-*t)  (4) 

where  A-A  +  Q-  A  +  kqP  kq  is  the  rate  constant  for 
quenching  and  P  the  pressure.  As  can  be  seen  from  Figure  18, 
addition  of  Ns  to  the  cell  (downstream  from  the  discharge,  so 
that  the  atom-production  chemistry  is  not  perturbed)  causes 
a  decrease  in  the  excited  state  lifetime.  A  plot  of  k  versus  the 
pressure  of  added  Ns  yields  the  radiative  rate  from  the  in¬ 
tercept  and  kq  from  the  slope.  In  the  case  of  the  0  and  N 
atoms,  we  find  that  the  values  obtained  portend  well  for  the 
use  of  two-photon  excitation  as  a  diagnostic  tool  in  flames, 
providing  potential  detectivities  down  toward  the  part-per- 
million  level. 

Concluding  Remarks 

It  is  hoped  that  these  experiments  have  illustrated  some  of 
the  kinds  of  interesting  and  useful  information  which  can  be 
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Figtr*  1 7  Excitation  scans  through  seen  tine  svuctvt*  eotneonent  m  me  0 
transition  The  figure*  are  denoted  By  the  10,  ground  state  >evet  m  seen  case: 
note  diet  me  gam  vanes.  The  ueser  state  sorting  is  not  resolved  By  me  laser: 
me  •neorettealtv  expected  positions  and  relative  intensitiee  due  to  eacn  >i  indi¬ 
cated  oy  me  stick  diagrams.  *n.cn  are  laoeiieo  By  me  uooer  state  <aiue  ot  j. 
'Th*  lower  two  scene  neve  aniv  two  contnButmg  uooer  state  tomoonente  seen 
due  to  selection  rules,  i  ;Pecrnteo  irom  Jnerrucji  P*vsic»  (.afters  i 


obtained  using  laser- induced  fluorescence.  It  is  reemphasized 
that  the  selection  of  topics  follows  wholly  the  author's  own 
interesta  and  research;  there  have  been  many  other  LIF  ex¬ 
periments  performed  in  other  laboratories  and  this  paper  is 
not  meant  to  constitute  a  review  of  the  field  as  a  whole.  Taken 
together,  the  efforts  with  and  results  from  LIF  experiments 
have  greatly  increased  our  knowledge  of  molecular  structure 
and  behavior,  not  only  in  quality  and  quantity  but  also  in 
opening  new  levels  of  understanding.  It  is  clear  that  this  will 
continue  in  the  future,  especially  with  the  extension  of  laser 
sources  to  cover  even  a  greater  range  of  wavelengths. 
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Figure  •  J  — fatim#  scans  for  me  io  10  suta  of  oxygen  The  nr  oumos  me 
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Using  laser-induced  fluorescence  in  a  low-pressure  now  system,  the  lifetimes  of  the  00*0  and  10*0  vibrational  levels  of 
the  B  JIlj  state  of  NCO  have  been  measured.  The  results,  63  and  <10  ns  respectively,  indicate  that  the  dissociation  limit  to 
N(JD)  +  CO  lies  between  these  levels.  This  corresponds  to  a  dissociation  energy  D%  <  1.68  eV  and  an  enthalpy  of  forma¬ 
tion  A/f® >  48  kcal/mole  for  NCO,  and  (HNCO)  >  -14  kcal/mole. 


1.  Introduction 

The  NCO  free  radical  has  been  proposed  as  a  possi¬ 
ble  intermediate  in  the  oxidation  of  HCN  and  in  the 
production  of  NO  in  the  combustion  of  nitrogen- 
containing  fuels  [1],  and  also  in  the  C2N2/02  flame 
[2 J.  It  has  been  detected  by  laser-induced  fluorescence 
as  a  product  of  the  CN  +  02  reaction  [3]  and,  in  copi¬ 
ous  quantity,  in  the  reaction  zone  of  a  CH4/N20 
flame  [4] .  Consequently,  values  of  its  thermochemical 
parameters  are  of  interest  for  incorporating  NCO  into 
reaction  schemes  for  such  systems.  The  value  of  the 
heat  of  formation,  A//f29g,  generally  used  is  34  ±  3 
kcal/mole  from  Okabe's  study  [S]  of  photodissocia¬ 
tion  thresholds  in  HNCO. 

As  part  of  a  laser  spectroscopic  study  of  the 
A  2  2+-X  2  n,  and  B  2  n(-X  2  llj  systems  of  NCO  [6] , 
we  have  made  measurements  of  radiative  lifetimes  in 
the  B  state.  These  differ  sharply  between  the  00*0 
and  10*0  vibrational  levels,  indicating  a  significantly 
lower  dissociation  limit  and  higher  A/f  °  than  given  by 
Okabe. 


2.  Experimental  details  and  results 

The  NCO  was  produced  by  the  gas-phase  reaction 


*  Present  address:  IBM  Research  Laboratory,  San  Jose,  Cali¬ 
fornia  93 193,  USA. 


F  +  HNCO  and/or  HOCN.  The  acid  vapor  was  formed 
in  a  small  reaction  vessel  containing  KOCN  and  stearic 
acid  at  *80°C,  picked  up  in  a  He  carrier  and  injected 
into  a  glass  flow  system  of  moderate  pumping  speed. 
The  fluorine  atoms  were  created  by  a  microwave  dis¬ 
charge  in  CF4  in  *1  Torr  He.  The  exciting  radiation 
was  provided  by  a  frequency -doubled  Nd :  Y  AG-pumped 
dye  laser,  with  bandwidth  *0.3  cm-1  and  pulse  length 
*8  ns  in  the  ultraviolet.  The  fluorescence  emitted  at 
right  angles  to  the  laser  beam  was  focused  onto  the 
slit  of  a  0.35  m  monochromator;  for  the  lifetime 
measurements,  a  resolution  of  40  A  was  used.  The  sig¬ 
nal  from  the  photomultiplier  was  processed  with  a 
scannable  boxcar  integrator  and  strip  chart  recorder. 

Excitations  from  the  00*0  level  of  X 2 nt  to  the 
00*0  and  10*0  vibrational  levels  of  the  B  2IIj  state 
were  identified  from  Dixon’s  absorption  spectra  of 
the  B-X  system  [7] .  In  the  case  of  the  00*0  level, 
the  Rj  and  R2  bandheads  near  315  nm  were  easily 
discerned  in  excitation  scans  but  the  other  weak  rota¬ 
tional  lines  exhibited  no  obvious  pattern,  in  accord 
with  Dixon’s  conclusion  that  the  level  is  perturbed. 

For  the  10*0  level,  excited  near  305  nm,  the  rota¬ 
tional  pattern  of  Pt ,  P2 ,  Rj  and  R2  lines  could  be 
readily  assigned  following  Dixon’s  analysis.  Other 
lines  visible  in  Dixon’s  spectrogram  but  unassigned 
by  him  could  also  be  seen  in  our  excitation  scans. 
Fluorescence  scans  for  each  level  exhibit  long  progres¬ 
sions  in  the  ground-state  stretching  frequencies  as  well 
as  weaker  transitions  to  fl  components  of  even-num- 
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bered  bending  vibrational  levels.  (These  weaker  tran¬ 
sitions  show  intensity  differences  depending  on  which 
spin  component,  -n ^ /2  or  2 n3 . of  the  B  state  is  ex¬ 
cited;  the  analysis  of  this  is  still  in  progress  [6] .)  For 
the  lifetime  measurements,  strong  bands  of  the  B-X 
emission  were  chosen  from  the  fluorescence  scans; 
these  were  00*0  -*  10*0  at  328  nm  and  10^  -*  001 1 
at  326  nm. 

Several  measurements  were  made  of  the  decay  life¬ 
time  of  the  00*0  level,  both  in  the  presence  and  ab¬ 
sence  of  added  collision  partners.  The  zero-pressure 
result  is  63  £  3  ns,  independent  of  fine-structure  com¬ 
ponent.  It  is  shorter  than  the  values  of  *400  ns  we 
measured  for  several  vibrational  levels  of  the  A  state 
[6],  which  are  in  good  agreement  with  the  A-state  re¬ 
sults  of  Reisler  et  al.  [3]  but  *15%  longer  than  the 
recent  measurements  of  Charlton  et  al.  [8], 

In  the  case  of  the  10*0  level,  the  time  dependence 
of  the  fluorescence  decay  is  identical  to  that  of  the 
laser  pulse  itself,  *17  ns  when  stretched  by  the  pho¬ 
tomultiplier  and  electronics.  This  was  determined  by 
tuning  the  laser  off  the  absorption  line  and  setting  the 
spectrometer  to  detect  scattered  laser  light  (the  signal 
at  326  nm  vanished  when  the  laser  was  tuned  off  the 
line).  The  pressure  was  reduced  to  the  lowest  value 
(*110  mTorr)  at  which  a  signal  could  be  observed, 
with  no  change  in  the  decay  shape.  We  conclude  that 
the  lifetime  of  10*0  is  <10  ns.  considerably  shorter 
than  that  of  00^. 

The  overall  fluorescence  intensity  of  the  10l0  level 
was  measured  to  be  *0.1  of  that  from  00l0,  whereas 
Dixon  found  the  absorptions  to  each  level  to  be  ap¬ 
proximately  equal.  These  results  indicate  that  a  disso¬ 
ciation  limit  of  NCO  lies  somewhere  between  the 
00*0  and  10*0  levels  of  B  2 niP  with  the  latter  level 
decaying  mainly  through  the  non-radiative  route. 
Attempts  were  also  made  to  excite  the  20[0  level,  but 
no  fluorescence  was  observed. 


3.  Discussion 

Fig.  1  shows  the  term  values  for  NCO.  The  tint  dis¬ 
sociation  limit  is  to  N(4S)  +  CO(l  2+),  which  lies  well 
below  the  energies  involved  in  the  present  experiment. 
This  limit  correlates  with  a  4  2“  state  so  that  predis¬ 
sociation  to  it  is  spin-forbidden.  Although  doublet  - 
quartet  predissociation  has  been  observed  in  other 


Fig.  1 .  Term  diagram  for  the  electronic  states  and  dissociation 
limits  of  the  NCO  molecule.  Only  the  X,  A  and  B  states  of 
NCO  have  been  spectroscopically  identified. 


molecules,  such  mixing  would  not  only  have  to  be 
strong  but  also  vary  sharply  in  strength  between  the 
two  vibrational  levels  in  question  in  order  to  explain 
the  lifetime  differences.  A  mechanism  by  which  that 
might  occur  is  a  large  difference  in  Franck -Condon 
overlap  between  the  4  2"  state  and  each  of  the  00*0 
and  10*0  vibrational  levels. This  seems  unlikely  in 
that  the  B  state  lies  high  above  the  bottom  of  the  re¬ 
pulsive  *Z~  potential,  so  that  the  latter’s  wavefunc- 
tions  do  not  vary  much  in  form  with  energy;  it  would 
require  that  the  42~  curve  cut  that  of  the  (B) 
stretch  close  to  the  10*0  level.  The  observed  diffuse¬ 
ness  in  the  00 1 1  band  of  the  B— X  system  (7J  would 
require  a  similar  coincidence  in  the  p3  stretch  surface. 

We  conclude  that  the  dissociation  observed  here  is 
to  N(2D)  ♦  CO(l  2*),  lying  19230  cm- 1  above  the 
first,  spin-forbidden,  limit.  Dixon  [7]  assigns  the  mo¬ 
lecular  predissociating  state  correlating  to  this  limit  as 
*2“  in  character.  This  limit  lies  <32820  cm*  1  above 
00*0  of  X2nit  and  the  dissociation  limit  Dg  to  ground- 
state  nitrogen  atoms  then  has  an  upper  limit  of  1 .68 
eV.  The  heat  of  formation  of  NCO  at  room  tempera¬ 
ture  may  then  be  determined  from 

,?g(NCO)  -  -Og  *  ,,8(N)  ♦  ±H°f2n ICO). 

(I) 


I 

I 
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The  value  obtained  is  AH®  29g(NCO)  >  47.8  kcal/moie; 
the  value  at  0  K,  AH® Q,  is  <0.1  kcal  lower  [9], 

These  values  are  based  on  the  reasonable  assignment 
of  the  non-radiative  process  to  a  spin-allowed  predisso¬ 
ciation.  However,  the  inability  to  assign  the  rotational 
lines  in  the  00*0— 00*0  transition  and  the  observed 
irregularities  in  the  B  2  Ilj  fine  structure  splitting  make 
it  clear  that  the  state  is  perturbed  [7] .  We  must  thus 
also  consider  this  perturbation  as  a  possible  cause  of 
the  lifetime  variation.  That  the  vibrational  levels  in 
question  are  correctly  identified  is  indicated  by  the 
B— X  absorption  spectrum  observed  in  matrix  isola¬ 
tion  spectroscopy  [10] .  Mixing  could  occur  with  the 
X  2 Ilj  state,  the  A  2I+  state,  or  any  bound  levels  of 
the  2I~  state  correlating  with  the  limit.  However, 
the  level  density  of  none  of  these  states  increases  by 
the  factor  of  six  or  more  over  this  1000  cm- 1  inter¬ 
val,  as  would  be  necessary  to  account  for  the  observed 
fluorescence  lifetime  variation.  The  A  state  has  a 
shorter  overall  N-0  distance  and  slightly  steeper  po- 
te-  dais  [7,1 1]  so  it  is  unlikely  that  the  vibrational 
overlap  with  B  will  be  significantly  greater  for  10*0 
than  00*0.  (In  fact,  no  A-X  fluorescence  was  observ¬ 
ed  upon  excitation  of  the  B  state.)  In  the  A  2X+  state, 
a  much  shorter  I0°0  lifetime  in  a  matrix  laser-induced 
fluorescence  study  [12]  was  attributed  to  Fermi  reso¬ 
nance  with  02°0  but  effects  of  a  similar  magnitude  do 
not  occur  in  the  gas  phase  [6,8].  (The  A-state  life¬ 
times  in  the  matrix  are  less  than  half  of  those  in  the 
gas  phase,  suggesting  environmental  effects  in  general.) 
The  similarities  in  the  fluorescence  spectra  for  both 
101 0  and  00*0  levels  [6]  suggest  that  mixing  with 
other  electronic  or  vibrational  levels  is  not  occurring 
to  an  appreciable  degree. 

Dixon  [7]  observed  diffuse  features  above  33700 
cm  - 1  in  absorption,  which  he  attributed  to  dissocia¬ 
tion  to  N(2D)  +  CCX1  Z+),  corresponding  to  D®  <  1 .8 
eV.  He  noted,  however,  that  the  diffuseness  might  be 
unresolved  groups  of  lines.  The  present  results  imply 
that  the  interpretation  in  terms  of  dissociation  is  cor¬ 
rect. 

Okabe’s  values  [5]  were  obtained  by  measuring 
the  photodissociation  thresholds  for  HNCO  to  CO  + 
NH(c  1 11),  and  H  +  NCO(A  2I+).  (These  results  form 
the  basis  of  the  current  JANAF  values  [9] .)  The  heat 
of  formation  of  HNCO  was  first  determined  from 


A// f  .2  9  g  (HNCO)  =  -Dg(NH-CO)  +  Aff°29g(NH) 

+  A/f°29g(CO).  (2) 

with  Z)jj  related  to  the  measured  threshold  of  c  1  n 
emission  by  the  c  1 II  -X  5 1  “  energy  difference  in 
NH.  Using  recent  values  for  AH®  29<,(NH)  [13]  and 
the  a  1  A-X  energy  difference  [14],  Okabe’s 
measurements  yield  AH®  298(HNCO)  >  -22.1  kcal/ 
mole.  The  value  of  the  heat  of  formation  of  NCO  was 
then  obtained  from  the  threshold  for  A  2  Z*  emission 
by 

A^^ggdfNCO)  +  D®(H-NCO) 

=  Af/°298(H)  +  A//0298(Nc°).  (3) 

Okabe’s  value  is  AH ® 298(NCO)>  39  kcal/mole, 
using  A//®298(HNC6)  =  -22.1  kcal/mole.  Okabe’s 
result  corresponds  to  a  dissociation  limit  for  NCO 
Dq  <  2.14  eV,  and  he  concluded  that  Dixon’s  appar¬ 
ent  diffuseness  was  due  to  unresolved  lines. 

Our  results  for  A//®29g(NCO)  can  be  combined 
with  Okabe’s  H-NCO  dissociation  threshold  measure¬ 
ment  to  obtain  a  new  value  for  the  heat  of  formation 
of  HNCO,  using  eq.  (3).  This  leads  to  Atf“29g(HNCO) 
>  -14.3  kcal/mole.  It  is  considerably  higher  than  that 
obtained  by  Okabe  using  the  NH-CO  threshold  and 
eq.  (2).  Consistency  demands  that  Okabe’s  value  for 
the  H— NCO  threshold  is  too  low,  or  that  for  the 
NH— CO  threshold  is  too  high,  by  0.34  eV.  Examina¬ 
tion  of  the  figure  in  his  paper  indicates  the  first  possi¬ 
bility  is  ruled  out,  but  the  second  is  possible  as  the 
lower  threshold  would  be  at  1472  A  in  a  region  of 
very  low  HNCO  absorption.  (A  threshold  at  1472  A  is 
the  one  consistent  with  AH®  298  =  -14  J  kcal/mole.) 

The  dissociation  limit  for  NCO  to  O  +  CN  can  also 
be  calculated  from  our  values.  The  heat  of  formation 
of  CN  is  subject  to  some  uncertainty  [15].  Adopting 
a  value  Aff^ 29g(CN)  =  103.7  kcal/mole,  the  disso¬ 
ciation  limit  for  NCO  to  0(2P)  +  CN(2I+)  is  0.92  eV 
higher  than  the  limit  to  N(2D)  +  CO(*  I+)  seen  here. 
Thus  the  present  results  are  consistent  with  Milligan 
and  Jacox’s  failure  to  observe  CN  upon  irradiation  of 
NCO  in  a  matrix  with  the  2537  A  Hg  line  [  10] ,  which 
lies  0.82  eV  above  our  N(2D)  +  CO  limit. 
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4.  Summary 

Lifetime  measurements  in  the  B  2nf  state  of  SCO 
suggest  that  the  dissociation  limit  lies  at  or  below  the 
lCMO  vibrational  level  of  this  state.  This  leads  to  the 
following  results:  D ? (NCO)  >  1 .68  e V;  AJf(  29s(NCO) 

>  47.8  kcal/mole  (J,/f°0(NCO)  >  47.7  kcal/mole); 
d^^98(HNC°)>  -UJ  kcal/mole  (A//°0(HNCO) 

>  -13.8  kcal/mole). 
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Collisional  quenching  of  A  *2+  OH  at  elevated 
temperatures 
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Thermally  averaged  cross  sections  oQ  for  collisional  quenching  of  the  A  2S  *  state  of  the  OH  molecule  have 
been  measured  near  1100  K.  The  OH  was  produced  and  detected  in  a  laser  pyrolysis/laser  fluorescence 
experiment,  in  which  a  mixture  of  SF„  H,0„  and  the  collision  partner  M  was  heated  by  a  pulsed  CO,  laser. 
Thermal  decomposition  of  the  peroxide  produces  OH  which  is  then  excited  by  a  tunable  laser;  the  real-time 
decay  of  the  fluorescence  signal  at  different  pressures  of  M  furnishes  a9.  These  a9  at  elevated  temperatures 
are  generally  less  than  the  room  temperature  values.  This  result,  the  size  of  a9,  and  its  variation  with  M 
suggest  the  importance  of  attractive  forces  in  the  collisional  quenching.  The  experimental  results  have  been 
compared  with  a  theoretical  calculation  of  ag  based  on  multipole  attractive  forces  with  a  repulsive  centrifugal 
barrier.  Good  correlation  is  obtained  for  eight  of  the  1 1  quenchers  studied;  the  experimental  values  of  o9  for 
N,  and  SF,  are  conspicuously  low. 


I.  INTRODUCTION 

Quenching  collisions  are  those  in  which  an  electron¬ 
ically  excited  molecule  A*  is  deactivated  to  the  ground 
state  by  interaction  with  some  partner  M.  Recent  ex¬ 
periments,  and  particularly  theoretical  correlations, 
show  strong  indications  that  attractive  interactions  be¬ 
tween  A*  and  M  play  a  major  role  in  the  collisional 
quenching  process.  This  is  suggested  first  by  the  sizes 
of  quenching  cross  sections  oQ,  which  are  typically  as 
large  as  gas  kinetic  values.  More  detailed  theoretical 
comparisons  form  further  support.  Par  men  ter  and  co¬ 
workers1  considered  an  A*-M  intermediate  collision 
pair  in  equilibrium  with  the  separated  species.  A  cal¬ 
culation  of  its  concentration  from  partition  functions  led 
to  a  linear  relationship  between  ln<rQ  and  where 

is  the  depth  of  the  attractive  well  in  the  A*-M  in¬ 
teraction.  Taking  for  a  given  excited  spe¬ 

cies  A*  furnished  a  correlation  of  a0  for  a  series  of  col¬ 
lision  partners.  This  was  successful  for  a  number  of 
different  excited  species  and  collisional  processes. 

Lee  and  co-workers2  have  examined  their  SO,  quenching 
data  for  a  large  series  of  M  using  a  c r„  calculated  as  the 
sum  of  cross  sections  for  a  series  of  attractive  multi¬ 
pole  interactions — dipole-dipole,  dipole -quadrupole, 
dispersion,  etc.  —and  a  repulsive  centrifugal  barrier. 
Multipole  moments  were  taken  from  the  literature  or 
estimated.  Very  good  agreement  between  experimental 
and  calculated  values  was  achieved. 

In  the  case  of  the  A  state  of  the  OH  molecule,  the 
size  of  previously  measured  room  temperature  aQ  val¬ 
ues  also  suggests  the  role  of  attractive  forces  in  quench¬ 
ing.  Several  aspects  of  vibrational  energy  transfer  (v' 

=  1  —  0  and  v'  =  2- 1,  0)  in  this  state,  for  the  collision 
partners  Ht,  D2,  and  N2,  are  also  strongly  Indicative  of 
attractive  interactions.1 

We  have  performed  measurements  of  <y0  for  the  v'  =  0 
level  of  A2-*  OH  for  a  series  of  11  collision  partners  at 
elevated  temperatures.  The  measurements  were  made 
inalaser pyrolysis /laser  fluorescence  (LP/LF)  sys¬ 
tem,  *  in  which  a  C02  laser  pulse  absorbed  by  SF,  rapidly 
heats  a  sample  containing  H2Oj  and  the  chosen  M.  The 


peroxide  pyrolyzes  to  OH  which  is  detected  by  laser- 
induced  fluorescence  (LIF);  oQ  is  determined  by  direct 
decay  time  measurements  at  different  pressures  of  M. 
The  objective  of  the  experiments  was  to  provide  two 
kinds  of  information  bearing  on  the  role  of  attractive 
forces.  First  are  the  measurements  for  the  series  of 
partners  and  a  correlation  with  pertinent  molecular  pa¬ 
rameters.  The  second  is  a  comparison  with  room  tem¬ 
perature  or0  values.  If  governed  by  attractive  interac¬ 
tions,  <r0  should  decrease  with  increasing  temperature; 
this  is  so  basically  because  the  A*-M  complex  can  more 
rapidly  dissociate  to  the  original  A*  and  M  before  re¬ 
maining  captured  long  enough  to  deexcite  the  A*. 

The  results  show  o0  values  mostly  lower  than  those 
at  300  K  (where  comparisons  exist)  and  a  general  order¬ 
ing  with  type  of  M  indicating  the  role  of  attractive  forces 
in  many  cases  (though  the  og’s  for  N2  and  SF*  are  con- 
spiciously  small).  In  order  to  examine  the  results  more 
quantitatively,  we  have  reformulated  the  approach  taken 
by  Lee  and  coworkers.  Instead  of  summing  analytically 
obtained  cross  sections  for  each  segment  of  the  poten¬ 
tial  independently,  we  numerically  calculate  the  single 
full  potential  and  a  resulting  o0  as  a  function  of  energy, 
which  is  then  thermally  averaged.  A  reasonable  corre¬ 
lation  between  experiment  and  calculation  is  obtained 
for  8  of  the  11  M  investigated. 

In  addition  to  some  insight  into  fundamental  charac¬ 
teristics  of  energy  exchange,  the  present  results  furnish 
some  applications  to  the  areas  of  LIF  diagnostics  of  the 
important  OH  radical.  These  fields  are  atmospheric 
monitoring  and,  especially,  combustion,  where  the  OH 
exists  at  elevated  temperatures  and  in  a  complex  colli¬ 
sional  environment.*  Values  of  cr0  are  needed  to  relate 
the  observed  LIF  signal  to  the  desired  ground-state  OH 
concentration,  i.e. ,  to  obtain  the  fluorescence  quantum 
yield.  Generally,  quenching  rate  constants  <?0  in  flames 
have  been  taken  simply  as  proportional  to  T 1/2  through 
the  relationship  kQ=l-rrQ,  where  F  is  the  mean  velocity 
and  rrQ  is  assumed  to  be  constant  with  temperature.  The 
decrease  in  at  elevated  temperatures  found  here,  as 
well  as  the  correlation  with  collision  partner  M,  have 
important  implications  for  LIF  diagnostics  experiments. 
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FIG.  1.  Schematic  diagram  of  the 
laser  pyrolysis/  laser  fluorescence 
apparatus. 


II.  LASER  PYROLYSIS/LASER  FLUORESCENCE 
A.  Owcription 

The  LP/LF  method  has  been  described  In  detail.  * 
Those  aspects  of  the  technique  relevant  to  the  present 
quenching  measurements  are  discussed  here. 

The  LP/LF  method  involves  irradiating  a  gas  mixture 
containing  an  Infrared  absorber  (SF(),  radical  precursor 
(HjOi/RiO),  and  some  quenching  molecule  (Ml  with  a 
pulsed  (- 1  its)  CO,  laser.  The  SF,  absorbs  the  infrared 
laser  radiation.  Collisions  during  and  shortly  after  the 
CO,  User  pulse  transfer  this  energy  to  the  surrounding 
gas,  and  thermal  decomposition  of  the  H,0,  to  OH  be* 
gins.  Experiments  described  later  illustrate  that  for 
our  conditions  complete  thermalizatlon  occurs  within  a 
few  microseconds.  The  heated  cycllndrtcal  volume, 
now  at  a  higher  pressure,  will  expand  and  cool.  A 
compression  wave  travels  outward  through  the  cool  sur¬ 
rounding  gas,  slightly  heating  and  compressing  it.  Si¬ 
multaneously,  an  expansion  wave  propagates  first  in¬ 
ward  to  the  center  and  then  outward  again,  producing  a 
two- stage  cooling  of  the  initially  heated  region.  At  this 
point  the  expansion  of  the  heated  region  ceases,  the 
temperature  and  density  remain  constant,  and  the  pres¬ 
sure  across  the  interface  between  hot  and  cool  regions 
is  equal  (at  roughly  the  initial  value).  A  further  slow 
cooling  due  to  thermal  conductivity  occurs,  but  it  is 
small  on  the  <  100  us  time  scales  of  these  experiments, 
ft  is  this  steady  temperature  and  denstty  region  which 
is  suitable  for  bimolecular  quenching  or  reaction  mea¬ 
surements. 

Thermal  decomposition  of  H,0,  has  a  high  activation 
energy  and  thus  OH  will  only  be  produced  during  the 
initial  hottest  period,  before  the  expansion  cooling  i  from 


1400  to  1200  K  in  a  typical  experiment).  The  tempera¬ 
ture  is  controlled  by  the  CO,  User  fluence  and  SF,  pres¬ 
sure.  Care  must  be  taken,  however,  to  avoid  an  opti¬ 
cally  thick  cell  that  may  produce  axial  temperature  m- 
homogeneities. 

At  a  fixed  time  delay  following  the  CO,  Laser  pulse,  a 
pulsed  dye  laser,  tuned  to  an  absorption  line  of  me  OH 
A*S*-JC,n,  (0,0)  transition,  is  fired.  The  amount  of 
detected  fluorescence  is  proportional  to  the  number  den¬ 
sity  of  OH  in  the  absorbing  rotational  level.  The  rota¬ 
tional  temperature  is  deduced  by  measuring  the  relative 
population  distribution  of  several  rotational  levels  of 
v”  »  0  using  LIF. 

A  wide  range  of  temperatures  is  accessible  with  LP 
LF.  We  have  observed  OH  fluorescence  for  post-ex¬ 
pansion  temperatures  as  low  as  750  K  and  as  high  as 
1500  K.  Measurements  at  lower  temperatures  are  dif¬ 
ficult  to  attain  since  not  enough  OH  is  produced  by  H.O, 
decomposition  to  yield  a  measurable  signal.  Higher 
temperatures  are  possible  by  increasing  the  CO,  :.»ser 
fluence  or  adding  more  SF,.  although  the  latter  method 
is  limited  since  increased  absorption  is  offset  bv  an 
increased  total  heat  capacity  Another  kinetic  and  tem¬ 
perature  limiting  complication  occurs  at  the  higher  tem¬ 
peratures  (7\,„|„2  1750  K),  when  thermal  decomposi¬ 
tion  of  the  SF,  begins.  Complete  SF,  decomposition  oc¬ 
curs  for  initial  temperatures  above  3000  K  SiF,  s  iot 
a  suitable  substitute  infrared  absorber  in  mese  exaeri - 
ments  due  to  SiF,  hydrolysis  that  will  take  place  with 
the  H,0,  and  water  present. 

B.  Experimental  details 

The  apparatus  is  illustrated  in  Fig.  I  It  tonsists  i 
a  10  cm  diameter  cylindrical  a.urr.mum  gas  :e.l  i.tteo 
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with  KC1  windows  for  transmission  of  the  infrared  radi¬ 
ation,  and  perpendicular  suprasil  windows  for  trans¬ 
mission  of  the  dye  laser  radiation  and  ultraviolet  fluo¬ 
rescence.  Gas  flows  through  the  cell  were  regulated  by 
Matheson  flow  meters  and  measured  with  Hastings  mass 
flow  meters.  In  all  of  the  decay  measurements  except 
those  with  added  N2,  SF,  made  up  the  largest  percentage 
of  gas  flowing  through  the  cell  (2  90%).  For  the  decay 
measurements  with  N2,  SFs  was  only  -  50%  at  the  higher 
Nz  pressures  used.  Before  entering  the  cell  the  gases 
flowed  through  a  bubbler  containing  a  solution  of  -  80% 
HjOj  in  HjC  at  0  °C.  This  produced  a  vapor  phase  of 
approximately  1/3  H202  and  2/3  H20,  which  were  present 
as  background  quenchers  in  all  of  the  experiments.  All 
quenching  gases  but  water  were  directly  added  through 
flowmeters;  for  the  water  quenching  measurements,  a 
separate  flow  of  H,0  vapor  entraine-  in  SF,  was  used. 

The  TEA  CQ  laser  (Lumonics  K-921  with  curved  5  m 
radius  rear  reflector  and  50%  reflecting  output  coupler) 
used  to  heat  the  gas  mixture  provides  a  fluence  of  1  J/ 
cm*  in  pulses  of  -1  ps  duration,  at  10.6  pm,  every  1.6 
s.  The  beam  is  apertured;  its  central  1.0  cm  diameter 
area  passes  through  the  cell  along  a  1.0  cm  path  length 
and  is  reflected  back  through  nearly  the  same  volume  to 
Insure  uniform  heating  along  the  axis.  This  permits  up 
to  50%  of  the  CO,  laser  energy  to  be  absorbed  while 
minimizing  temperature  inhomogeneities  associated  with 
optical  thickness.  The  resulting  spread  in  temperature 
across  the  probed  volume  is  $  30  K,  less  than  the  error 
In  the  measured  temperature. 

The  frequency  doubled  output  of  a  Quanta t  10  Hz 
Nd:  YAG  pumped  dye  laser  generates  8  ns  ultraviolet 
pulses  of  - 1  mJ  in  energy  with  a  0. 2  cm*1  bandwidth, 
and  Is  used  to  excite  various  rotational  lines  of  the  0-0 
band  of  the  OH  A—X  transition  at  -308  nm.  The  UV 
beam  diameter,  and  thus  the  spatial  resolution,  was  2 
mm.  Fluorescence  along  a  2  mm  path  of  the  dye  laser 
beam  was  focused  (1 : 1)  through  a  monochromator  (set 
at  X  »  309  nm,  AX  =  2  nm)  onto  a  photomultiplier  tube 
(EMI  9558QA).  Both  the  dye  and  CO,  laser  power  levels 
were  monitored  and  recorded  continually  on  a  strip  chart 
recorder.  For  the  quenching  measurements,  the  time 
delay  between  the  CO)  laser  and  dye  laser  was  set  at 
32  ps. 

The  output  of  the  PMT  was  processed  by  a  boxcar  in¬ 
tegrator,  triggered  at  the  repetition  rate  of  the  COj  la¬ 
ser,  to  record  excitation  scans  for  the  temperature  de¬ 
terminations.  The  fluorescence  decay  traces  were  dis¬ 
played  in  real  time  on  an  oscilloscope.  Scope  photo¬ 
graphs  were  manually  digitized  with  a  Houston  Instru¬ 
ments  "HI  PAD”  interfaced  to  a  PDP-11/40  computer. 

C.  Diagnostics 

Oice  the  gas  has  been  heated,  a  series  of  gas  dynamic 
processes  begin.  We  have  carried  out  both  experimental 
and  computational  studies  to  characterize  the  spatial  and 
temporal  behavior  of  the  temperature  and  density  in  the 
cell.  For  a  typical  condition  of  3 : 1  N,  and  SF*  heated 
Initially  to  1300  K,  calculations  indicate  the  center  of 
the  cell  stays  at  1300  K  for  - 10  ps,  at  which  point  the 
expansion  wave  (Mach  1.0)  drops  the  temperature  to 


- 1000  K.  At  the  same  time  the  compression  wave  trav¬ 
els  outward  at  roughly  Mach  1. 6.  Since  the  speed  of 
sound  is  faster  in  the  heated  region,  the  expansion  wave, 
after  reflecting  at  the  center  of  the  cell,  will  eventually 
nearly  catch  up  with  the  compression  wave.  For  the 
conditions  mentioned  this  will  occur  after  -25  ps,  in 
the  large  volume  beyond  the  heated  region.  By  this  time 
the  pressures  on  either  side  of  the  heated  boundary  have 
equalized  and  the  expansion  is  completed. 

The  symmetry  in  our  experiment  is  cylindrical,  dic¬ 
tated  by  the  apertured  CO,  laser  beam  shape,  and  a  full 
quantitative  description  of  the  heating/cooling  process 
and  pressure  waves  must  incorporate  this  geometry. 

To  help  us  understand  the  dynamics  that  are  occuring  in 
the  cell  we  have  made  use  of  the  PUFF  code  available 
at  SRI.  *  This  is  a  general  program  for  the  calculation 
of  stress  waves  for  a  variety  of  media,  geometries,  and 
initiation  mechanisms.  The  code  results  are  used  to 
determine  the  density  after  the  expansion  has  occured. 

In  the  earlier  study, 4  we  measured  time  histories  of 
rotational  temperatures  and  total  OH  fluorescence  sig¬ 
nals  at  various  points  in  the  cell,  so  as  to  verify  the  be¬ 
havior  predicted  by  the  PUFF  code.  In  those  experi¬ 
ments,  however,  the  OH  signals  were  integrated  over 
decay  time;  they  thus  reflected  simultaneous  changes  in 
both  OH  density  and  the  quenching  rate  which  occurred 
as  a  result  of  the  gas  dynamic  processes.  Here  the  OH 
LIF  signal  was  measured  with  a  narrow  boxcar  gate, 
set  shortly  after  the  dye  laser  pulse  before  quenching 
appreciably  reduces  the  signal.  That  is,  we  measured 

/*'  Sdt  =  y0  exp[-  t/<A  +  Q)]dt , 

J,i  \ 

where  Af0  is  the  initial  excited  state  number  density,  and 
A  and  Q  are  the  Einstein  emission  coefficient  and  quench 
rate,  respectively.  For  tx  near  zero  and  tt  -  f,  «(A 
+  Q)*1,  the  signal  yields  JV,  which  is  in  turn  proportional 
to  the  ground  state  OH  number  density. 

Figure  2  shows  a  plot  of  this  signal  as  a  function  of 
the  time  delay  between  the  two  lasers.  The  position  of 
the  dye  laser  beam  is  the  center  of  the  heated  volume, 
where  according  to  the  code,  the  most  extreme  varia¬ 
tions  of  density  occur.  The  gas  mixture  is  25%  SF,  in 
N„  at  a  total  pressure  of  50  Torr.  Here,  f,  =  20  ns, 
tt  =  30  ns,  and  (A  +  Q)~'  »  253  ns.  An  excitation  spectrum 
gives  an  initial,  maximum  temperature  (at  12  ps  delay) 
of  1375  *  50  K. 

The  rise  in  the  fluorescence  signal  reflects  the  pro¬ 
duction  of  OH  from  the  thermal  decomposition  of  H2Oj. 
The  rise  is  linear  with  a  short,  2  ps  induction  time. 

Thus  the  rate  constant  for  the  decomposition  H20,  +  M 
-  20H  +  M  does  not  vary  with  time.  This  indicates  in 
turn  that  the  temperature  is  constant  during  this  period, 
i.e. ,  the  energy  transfer  is  fast.  We  are  thus  assured 
that  thermalization  has  occured  at  the  longer  delay  times 
at  which  the  bimolecular  quenching  measurements  were 
made. 

These  results  indicate  also  that  thermalization  is 
rapid  in  an  alternate  version  of  the  laser  pyrolysis  meth¬ 
od  used  for  unimolecular  reaction  rate  measurements. 7 
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FIG.  2.  Narrow  gat*  experiment  measuring  the  density  of  OM 
a a  a  function  of  time  after  thn  COj  heating  pulaa,  at  tha  ctaur 
of  tha  pyrolysis  calL  Pointe:  Ezparlmantal  raaulta.  Solid 
Una:  Pradlctlona  from  computer  calculation.  Dae  bed  Una; 
Pyrolysis  rata  of  HjO,  at  tha  Initial  temperature. 


a a  wan  already  indicated  by  the  temperature  dependence 
at  competing  reaction*  in  thoae  experiments. 

The  solid  Une  in  Fig.  2  shows  the  density  profile  pre¬ 
dicted  by  the  code  at  the  center  of  the  cell.  The  results 
follow  the  decline  and  predict  the  final  value  (>  SO  tit) 
quite  well.  An  oscillation  due  to  overcooling  at  20-40 
its  is  also  seen,  although  the  measured  drop  Is  not  as 
great  as  that  computed  by  the  code.  Part  of  the  dis¬ 
crepancy  is  because  the  experiment  averages  over  the 
central  20%  of  the  cell.  This  oscillatory  effect  is  most 
sever*  at  the  center  of  the  cell,  where  the  role  of  acous¬ 
tic  waves  tend  to  be  amplified.  Thus,  once  the  main 
expansion  wave  has  proceeded  outward  into  the  cold  gas, 
a  continued  series  of  weak  waves  can  continue  to  per¬ 
turb  the  density  at  the  center  of  the  cell. 4 

Halfway  between  the  cell  center  and  the  expanded  edge 
of  the  heated  region,  the  cod*  predicts  an  absence  of 
such  density  oscillations  and  fluctuations,  and  no  initial 
overcooling.  The  previous  LEF  measurements4  confirm 
this  behavior.  This  is  the  position  used  for  the  quench¬ 
ing  measurements. 

III.  EXPERIMENTAL  RESULTS 
A.  Decay  and  density  measurements 

Both  HtO  and  HtO,  are  present  in  small  amounts  as 
background  quenchers  during  all  decay  measurements, 
and  the  concentration  and  composition  of  the  H,0/H,0, 
mixture  varied  from  day  to  day.  This  can  be  attributed 
to  varying  flow  conditions  through  the  bubbler,  where 
the  carrier  gas  picks  up  differing  amounts  of  the  H20/ 
H,Oj  vapor.  In  addition,  changing  flow  conditions  of  the 
room  temperature  carrier  gas  may  alter  the  tempera¬ 
ture  of  the  HjO/HjOj  sample  slightly  from  0  *C  thereby 
changing  both  the  vapor  pressure  and  the  vapor  com¬ 


position  above  the  liquid  solution.  Thus  extrapolations 
of  measured  fluorescence  decays  to  zero  pressure  of 
added  gas  do  not  correspond  to  the  true  zero  pressure 
lifetime  and  must  be  measured  for  each  series  of  ex¬ 
periments.  The  measured  decays  can  be  related  to  the 
concentration  of  the  various  gases  present  by  the  fol¬ 
lowing  equation: 

-  =-  ♦*|,,[SF,MS  [BACKGROUND] .  (1) 

T  *0 

Typical  decay  traces  are  shown  in  Fig.  3(a)  for  pure 
SF,  plus  H|0/HtOj  background  and  SF,  *  Nt  plus  the  back¬ 
ground.  Figure  3(b)  shows  the  corresponding  log,  plots. 
Note  the  faster  quenching  by  nitrogen.  Decays  were  re¬ 
corded  over  at  least  two  lifetimes,  starting  after  -  SO 
ns  to  eliminate  any  complication  due  to  scattered  laser 
light. 

Temperatures  were  determined  from  OH  rotational 
populations,  measured  by  laser  excitation  scans  over 
the  Rj5,  Pi8,  Q|U,  Q,12,  and  Q,13  lines  in  the  (0,0) 
A-X  system  of  OH,  for  each  quenching  measurement. 
From  the  precision  of  these  data  we  estimate  that  the 
error  in  a  given  temperature  determination  is  1 50  K, 
in  accord  with  the  scatter  in  the  previously  determined 
temperature  histories. 4  The  measured  temperature  is 
then  used  in  conjunction  with  the  computer  code  to  ob¬ 
tain  the  post- expansion  gas  density  at  the  position  and 
time  of  the  quenching  measurement.  That  is,  p*P/RT 
where,  for  example,  the  code  predicts  P  *  1 . 13P„  for 
the  pure  SF,  and  P  *  1. 01P0  for  the  SF,/N,  mixture  of 
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FE.  3.  i  Top  I:  Oscilloscope  traces  of  OH  fluorescence  decay 
at  1100  K  In  pure  SF,  (left,  two  traces)  and  N;— SF,  mixture 
(right);  200  ns  per  marked  interval.  (Bottom):  Logarttnmic 
plots  of  these  decays,  giving  lifetimes  of  399  and  200  ns.  and 
a  N-  quenching  rate  constant  of  i.  3  »  10*“  curs'1. 
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Fig.  3;  here  P0  is  the  initial  pressure  of  cold  gas. 

Recent  flow  system  measurements  at  room  tempera¬ 
ture*  indicated  a  variation  of  crg  with  rotational  level  N* 
in  v'  =0.  The  differences  were  most  pronounced  for  N, 
as  a  collision  partner,  decreasing  more  than  a  factor  of 
2  between  AT'  =  0  and  3.  We  measured  <r0  for  each  of  the 
five  excited  levels  (If  =  4,  5,  11,  12,  and  13)  with  N,  as 
a  collision  partner.  No  variation  (<  10%)  was  observed 
in  this  series  of  runs.  Fluorescence  scans  at  moderate 
resolution  Indicate  that  the  excited  state  rotational  dis¬ 
tribution  of  the  fluorescence  was  independent  of  the  level 
initially  excited.  This  is  presumably  due  to  a  rapid  SF, 
rotational  energy  transfer  rate.  Thus  these  measure¬ 
ments  reflect  <r0  for  a  1200  K  Boltzmann  distribution  in 
the  excited  state.  For  all  the  reported  quenching  mea¬ 
surements  the  Px6  excitation  line  was  used,  pumping 
■F,(5)  for  i>'  =0  in 

B.  Pressure  dependence 

Somewhat  different  procedures  were  necessary  to  ob¬ 
tain  values  of  <jq  for  SF,,  HjO,  and  N2  in  contrast  to  the 
other  collision  partners.  Both  SF,  and  HjO/H20,  from 
the  bubbler  contribute  to  the  quenching  in  each  measure¬ 
ment.  The  SF,  rate  is  very  low,  and  small  amounts  of 
HjO,,  with  a  large  quench  rate,  tend  to  dominate  the 
quenching  in  SF,  runs.  Furthermore,  simply  varying 
the  SF,  pressure  alters  the  temperature  and  density  in 
the  heated  system  and  provides  an  inadequate  solution 
to  the  problem.  Similarly  a  water  quench  rate  cannot 
be  determined  accurately  from  such  data  because  the 
exact  partial  pressure  picked  up  from  the  bubbler  is  un¬ 
certain.  N,  must  be  treated  differently  from  the  other 
gases  because  its  slow  rate  requires  replacement  of 
the  SF,  by  a  significant  fraction  of  It. 

The  SF,  measurements  are  illustrated  in  Fig.  4. 

They  were  obtained  by  constructing  a  dual  inlet  line,  so 
as  to  vary  the  fraction  of  SF,  which  passes  through  the 
bubbler  and  the  fraction  which  bypasses  it.  The  flow 


FIG.  4.  Plot  of  OH  fluorescence  decay  rate  as  a  function  of 
the  percentage  of  SF,  flowing  through  the  H.O;  bubbler.  Cir¬ 
cles,  1130  K,  38.5  Torr.  SF,  triangles  1340  K,  58.5  Torr  SF, 
colder  H202  bath  temperature.  Lines  are  least  squares  fits. 
Error  bars  indicate  decay  trace  standard  deviations  for  these 
runs. 
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FE.  5.  Decay  rate  of  OH  fluorescence,  minus  contributions 
from  SF,  quenching  and  radiative  decay,  vs  pressure  of  added 
HjO.  Squares,  1220  K  in  26  Torr  SF,.  Circles,  1140  K  in  37 
Torr  SF,.  Triangles,  1430  K  in  40  Torr  SF,.  Diamonds, 
1000  K  in  16  Torr  SF,. 


rate  through  the  bubbler  remained  constant  to  ensure 
that  the  vapor  pressure  of  the  HtO,  that  was  picked  up 
in  the  wet  SF,  flow  was  the  same.  By  varying  the  frac¬ 
tion  through  the  bubbler  and  extrapolating  to  0%  wet  SF, 
a  "pure”  SF,  decay  rate  can  be  determined.  Figure  4 
is  a  decay  rate  plot  as  a  function  of  percentage  of  bub¬ 
bler  (wet)  SF,  for  two  peroxide  bath  temperatures. 
Lowering  the  bath  temperature  reduced  the  amount  of 
HjO,  present  in  the  vapor,  but  also  reduced  the  amount 
of  HtOj,  OH,  and  thus  signal  level.  A  least  squares  fit 
of  the  more  precise  first  data  set  gives  a  k,  =  1 . 7  x  10" 11 
cm’s"1  molecule"1  at  1125  K.  A  Urge  statistical  uncer¬ 
tainty  of  ~  25%  in  the  fit  is  attributable  to  the  low  value 
of  this  rate  constant  compounded  by  the  background 
problem.  The  lower  temperature  data  set  was  not  used 
quantitatively  but  the  values  are  consistent  with  expec¬ 
tations. 

For  the  water  quenching  measurements,  a  separate 
flow  of  3%  HtO  in  SF,  (from  a  15£  bulb  containing  1  atm 
SF,  saturated  with  water  vapor)  was  added  to  the  cell, 
bypassing  the  bubbler  in  a  manner  similar  to  the  above 
SF,  measurement.  Figure  5  is  a  plot  of  decay  rate  as 
a  function  of  added  water  pressure.  The  derived  rate 
constant  of  4  x  10"l°  cm5  s"1  molecule"1  assumes  the  added 
cell  water  pressure  proportionately  reflects  the  storage 
bulb  condition.  Possible  water  adsorption  in  the  gas 
lines  could  mean  that  the  true  kg  is  in  fact  higher,  al¬ 
though  the  gas  flow  was  permitted  to  equilibrate  before 
measurements  were  made.  Note  the  different  intercepts 
for  different  runs,  indicative  of  the  experimental  prob¬ 
lem  of  variation  in  bubbler  H,0,  background  concentra¬ 
tions.  A  separate  water  quenching  determination  was 
made  by  measuring  a  decay  in  a  SF,  H20/ H20,  mixture 
under  very  slowly  flowing  conditions  where  the  vapor 
should  be  nearly  saturated.  A  determination  of  H,0, 
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concentration  «u  made  by  independently  measuring  the 
vapor  pressure  at  the  ice  bath  and  trap  temperature. 

This  single  measurement  yields  a  higher  kg  *  7.  S  *  10'1# 
cm’  s'1,  assuming  that  the  vapor  is  saturated  at  0. 8  Torr 
and  that  H,0|  has  a  k9  equal  to  that  of  HtO. 

Experiments  for  other  gases  were  carried  out  by  first 
recording  the  fluorescence  decay  due  to  ST,  and  HtO, 
background,  and  then  recording  the  decay  in  the  presence 
of  varying  fractions  of  quenching  gas.  All  gas  mixtures 
for  these  experiments  passed  through  the  bubbler,  and, 
except  for  N,,  the  amount  of  added  gas  was  a  small 
fraction  of  the  total  flow.  A  plot  for  runs  on  two  sepa¬ 
rate  days  for  CO|  is  shown  In  Fig.  8;  *0  values  are  ob¬ 
tained  from  an  application  of  Eq.  (1)  plotting  r'1  vs  [Mj. 

In  each  case  it  was  necessary  to  measure  the  intercept 
(zero  added  gas  pressure)  separately  due  to  the  varia¬ 
tion  in  background  quenching,  which  is  evident  in  Fig. 

8.  Occasionally,  and  unpredictably,  the  background 
quenching  was  found  to  be  very  high,  as  in  the  run 
shown  by  the  dashed  line  in  Fig.  8.  This  led  to  short 
and  thus  poorly  determined  lifetime*,  data  sets  with  high 
intercepts  were  discarded. 

Figure  7  is  a  plot  of  decay  rate  vs  nitrogen  partial 
pressure.  Because  of  its  slow  quench  rate,  significant 
fractions  of  nitrogen  were  required  in  order  to  signifi¬ 
cantly  decrease  the  observed  fluorescence  decay  life¬ 
time.  This  replacement  of  50%-80%  ot  the  SFt  made 
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FIG.  S.  Decay  rata  of  OH  fluorescence,  minus  contributions 
from  3F,  quenching  and  radiative  decay,  vs  CO;  pressure  of 
added  CO;.  Circles  1240  K,  40  Torr  total  pressure.  Triangles 
1000  K,  40  Torr  total  pressure.  Squares  1280  K,  40  Torr  total 
pressure,  Illustrating  a  run  with  unacceptably  high  background 
quenching. 
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FIG.  7.  Decay  rate  of  OH  fluorescence,  minus  contributions 
from  radiative  decay  and  SF,  quenching,  vs  pressures  of  added 
Nj.  Triangles  1030  K.  40  Torr  total  pressure.  Circles  1110  K 
43  Torr  total  pressure.  Square  1200  K,  with  a  constant  SF, 
pressure  of  20  Torr. 


two  adjustments  necessary.  First,  the  laser  fluence 
had  to  be  readjusted,  and  excitation  scans  repeated,  to 
attain  the  same  temperature.  Second,  a  full  analysis 
of  the  data  in  Fig.  7  using  Eq.  (1)  is  needed  to  account 
for  the  significant  variation  in  quenching  due  to  SF,  as 
its  fraction  is  varied.  The  resulting  rate  constant  is 
1.0*20*“  cm’s*1  molecule*1. 

Measurements  were  made  at  a  variety  of  tempera¬ 
tures.  N,  in  particular  was  studied  extensively,  with  a 
series  of  measurements  over  the  range  900-1400  K. 

No  temperature  variation  in  ha  was  observed  beyond  the 
precision  in  the  data,  v  increases  only  25%  over  this 
temperature  range  so  even  a  small  decrease  in  <r0  would 
mask  a  noticeable  change  with  temperature  in  the  mea¬ 
sured  k9. 

The  full  set  of  results,  including  temperature,  kQ, 
and  <jg  values,  is  given  in  Table  I.  Because  of  the  lack 
of  an  observable  temperature  dependence,  we  have  av¬ 
eraged  the  <t9  values  regardless  of  temperature  for  later 
comparison  with  room  temperature  and  with  theoretical 
values. 

C.  Sources  of  error 

Three  general  sources  of  error  merit  some  discussion 
and  estimation:  Statistical,  Systematic,  and  the  back¬ 
ground  H;0,  quenching  problem.  For  errors  in  the  ran¬ 
dom  category,  there  is  typically  5%  scatter  among  the 
lifetimes  from  the  three  or  more  decay  traces  taken  for 
each  set  of  experimental  conditions.  Similarly,  the 
temperature  can  be  determined  to  within  50  K  by  the 
laser  fluorescence  excitation  scans,  introducing  4%  un¬ 
certainty  in  k9  via  the  density  calculation  (  o  x  1.  T).  CO, 
laser  intensity  variation  during  a  given  run  is  monitored 
and  held  to  typically  1%,  which  generates  small  temper¬ 
ature  fluctuations  that  ultimately  show  up  as  error  in 
the  density  calculation.  Finally,  total  pressure  and 
mass  flowmeter  readings  are  estimated  to  contribute 
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TABLE  I.  Experimental  and  calculated  cross  sections. 


Gaa 

TOO 

*0* 

°Q  *T« 

to.c 

^Ocaic 

N2 

1110 

1.3 

0.  89 

0.68*0.16 

49 

1030 

1.0 

0. 72 

1200 

0.  82 

0. 53 

1040 

0.  85 

0. 59 

SF, 

1130 

0.17 

0.14 

0.14 

57 

CO 

1270 

31 

20 

20 

57 

CO, 

1200 

21 

15 

13*3 

65 

1140 

19 

14 

12S0 

14 

9.5 

HjO 

1220 

39 

23 

26  *3 

89 

1140 

47 

28 

1430 

44 

23 

1000 

47 

30 

(lieoH 

(75) 

(44) 

CH, 

1440 

44 

23 

15*5 

47 

1230 

23 

13 

1260 

21 

12 

1130 

21 

12 

NHj 

1470 

62 

32 

39*7 

85 

1250 

79 

45 

Oj 

1160 

11 

7 

11  *3 

41 

1460 

22 

13 

1090 

17 

12 

h2 

1320 

48 

12 

10*3 

36 

1330 

45 

11 

1320 

23 

6 

NO 

1110 

42 

28 

26*4 

53 

1320 

45 

28 

1320 

35 

22 

NjO 

1390 

47 

30 

30 

65 

•Units- 10-“  cm’s'1. 

•Units:  A*. 

'At  1104  K  using  multipole  approach,  see  the  text. 

•Single  run  with  measured  vapor  pressure;  see  the  text.  Not 
included  in  average. 


another  5%  uncertainty. 

A  more  systematic  error  can  be  introduced  through 
the  dependence  ot  the  derived  quenching  rate  constants 
on  the  density  values  calculated  by  the  computer  code. 
Experience  with  the  code*  suggests  a  5%  possible  inac¬ 
curacy  in  this  value.  Furthermore,  the  calculations 
indicate  that  up  to  12%  variations  in  the  density  occur  at 
times  and  positions  close  to  those  chosen  for  these  mea¬ 
surements.  Any  spatial  or  temporal  drift,  misalign¬ 
ment,  or  computational  inaccuracy  could  thus  introduce 
a  comparable  error  in  a  rate  constant.  We  have,  how¬ 
ever,  measured  OH  decay  times,  in  a  1 : 1  SFj/N,  mix¬ 
ture  at  1040  K,  at  various  delays  from  30-100  us,  and 
found  no  significant  differences,  to  within  10%.  This 
indicates  the  density  fluctuations  are  probably  below 
this  12%  level. 

Finally,  the  uncertainty  of  the  measured  value  of  the 
SF,  quench  rate  enters  the  calculation  of  feg,  but  is  only 
significant  for  N2  since  such  a  large  fraction  of  N2  is 
used.  For  other  gases  little  SF,  is  replaced  by  added 


gas,  and  the  bulk  of  SF,  quenching  remains  a  constant 
factor,  effectively  included  in  the  measured  value  of  the 
intercept. 

We  noted  earlier  the  experimental  difficulty  in  keeping 
the  H,Q  quenching  constant  over  long  periods  of  time 
and  the  necessity  of  measuring  the  intercept  lifetime  with 
no  added  quench  gas.  For  a  typical  run  (a  series  of  life¬ 
times  at  different  pressures),  a  maximum  possible  50 
ns  error  in  r*  would  produce  up  to  a  20%  error  in  fe0. 
Most  runs,  particularly  for  those  with  little  H20,,  show 
less  scatter.  The  kQ  values  are  obtained  from  a  least 
squares  analysis  of  the  quenching  plot,  further  reducing 
this  error  contribution. 

By  combining  all  of  these  possible  error  sources  as 
the  square  root  of  the  sum  of  the  squares  of  the  above 
percentages,  we  derive  an  approximate  uncertainty  of 
25%  in  the  final  rate  constant  values.  Those  gases 
where  many  measurements  were  made  generally  show 
~20%  average  deviations,  again  giving  an  error  estimate 
of  25%  after  also  including  the  density  uncertainty.  The 
reactive  gases  are  generally  harder  to  measure  and 
more  scatter  in  the  data  exists  due  to  the  lower  overall 
OH  concentration.  The  low  SF,  and  Nt  values  are  also 
less  precise,  due  to  the  significance  of  it*  in  all  SF, 
measurements  and  the  contribution  of  the  uncertain¬ 
ty  to  the  *5*  calculation.  Estimates  are  40%  and  30%, 
respectively.  Finally,  the  H,0  rate  constant  is  subject 
to  additional  uncertainty,  since  its  derivation  rests  on 
assumptions  that  the  cell  water  vapor  concentration  (or 
water  plus  peroxide)  reached  the  values  of  the  bulb  or 
bubbler.  Some  problems  of  surface  absorption  and 
equilibration  are  evident  in  the  scatter  of  the  data,  and 
particularly  the  background  intercept  values.  The  re¬ 
ported  kQ  probably  represents  a  lower  limit,  and  more 
work  is  needed  to  produce  a  quenching  rate  constant 
within  30%  accuracy. 

IV.  COMPARISONS  AND  CORRELATIONS 
A.  Comparison  with  other  measurements 

Oily  a  few  high  temperature  OH  quenching  cross  sec¬ 
tions  are  available,  consisting  of  values  deduced  from 
flame  measurements  in  a  complex  collisional  environ¬ 
ment.  Hooymayers  and  Alkemade*  give  approximate 
values  (in  units  of  10*1’  cm3  s'1  molecule'*,  corrected  to 
a  0.69  us  OH  radiative  lifetime)  of  105,  20,  and  33  for 
HjO,  Nt,  and  Oj  respectively,  at  1500-1800  K.  The  02 
and  H20  values  are  -60%  higher  than  our  values.  Their 
N2  value,  however,  is  20  times  larger  than  our  mea¬ 
sured  rate  and  also  exceeds  any  reasonable  extrapola¬ 
tions  from  300  K  determinations.  Carrington10  has  also 
deduced  some  quench  rates  from  measurements  in  low 
pressure  C2H2/02  flames  over  a  wide  (850-1500  K)  tem¬ 
perature  range.  His  values  (corrected  for  t„  =0.69  us) 
for  HtO,  CO,,  and  CO  are  51,  20,  and  9*  10"'*  cm’s'1 
molecule'*  which  agree  well  with  our  direct  measure¬ 
ments  except  for  CO.  Recently,  Morley"  has  mea¬ 
sured  relative  OH  quench  rates  in  a  2000-2400  K  flame 
for  H20,  H2,  and  CO  of  1.0:  0.32±10;  1.3±0.2.  This 
compares  with  our  values  of  1.0:  0.38:  0.76.  One  pos¬ 
sible  reason  for  the  discrepancy  in  the  CO  results  may 
be  the  neglect  of  C02  quenching  in  analyzing  the  flame 
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TABLE  Q.  Room  temperature  quenching  meaaurementa.  ‘ 


Reference 

\ 

b 

c 

d 

• 

f 

f 

b 

1 

j 

JM 

4.4 

4.6 

2.7 

2.5 

1.8 

1.8 

2.3 

2.5‘ 

9 

5.7 

5.8 

3.8 

3.5 

2.3 

2.3 

3.3 

3.2 

CO* 

33 

56 

9 

43 

72 

CO, 

14 

9 

20 

HjO  M 

SO 

56 

39 

37 

54 

9 

68 

66 

45 

43 

S3 

o,  * 

8.1 

9.1 

10.4 

9 

10.7 

12.3 

13.8 

H,  * 

6.6 

8.4 

9.0 

12 

14 

18 

9 

3.5 

4.5 

4.3 

7.0 

7.3 

9.6 

o,  * 

4.4 

11 

9 

2.8 

7.4 

*M.  Kanefco,  V.  Mori,  and  L  Tanaka,  i.  Cham.  Phya.  AS,  4468  (1968), 

*K.  H.  Becker,  0.  Haaka,  and  T.  Tatarczyk,  Cham.  Phya.  Lett.  28,  564  (1974). 

•R.  K.  Lesgel  and  D.  R.  Croaley,  Cham.  Phya.  Lett.  38,  261  (1975);  J.  Cham.  Phya.  68,  5309  (1978). 

*K.  R.  Carman,  J.  Cham.  Phya.  64,  4068  (1976). 

*P.  Hogan  and  0.  0.  Darla,  J.  Cham.  Phya.  68,  4574  (1975)}  64,  3901  (1976). 

'M.  A.  a.  Clyne  and  S.  Down,  J.  Cham.  Soe.  Faraday  Trana.  2  70,  253  (1974). 

a£.  Briar,  D.  Field,  R.  Zellner,  and  L  W.  X.  Smith,  Bar.  Bunaengaa.  Phya.  Cham.  81,  22  (1977). 

‘P.  M.  Salxar  and  C.  C.  Wang,  J.  Cham.  Phya.  71,  3786  (1979). 

•M.  A.  A.  Clyne  and  P.  M.  Holt,  J.  Cham.  Soc.  Faraday  Trana.  2  78,  569  (1979). 

1.  8.  McDermid  and  J.  B.  Laudanalagar,  1.  Cham.  Phya.  78,  1884  (1982). 

“Unit*  *g,  10"“  cm*  a"1,  A1.  All  ealuaa  corrected  to  v»0.89  pa. 

l9  and  a  were  found  to  vary  with  S '.  Valuer  given  are  for  .V '  »3. 


data.  A  vain*  for  CO  quenching  larger  than  that  for 
H|0  eeema  unlikely,  given  both  the  300  K  reaulta  and 
(aee  below)  the  atronger  attractive  forcee  for  HtO  ae  a 
colllalon  partner. 

Table  n  liata  for  compariaon  the  preaent  reaulta  and 
a  selected  set  of  <jQ  value  a  for  the  six  colllalon  partners 
which  have  also  been  studied  at  room  temperature. 
There  have  been  many  determinations,  with  a  large 
spread,  for  H„  N„  and  H,0.  in  general,  the  values  are 
chosen  primarily  from  recent  LIT  experiments  If  avail* 
able.  It  is  seen  that  for  all  caaes  save  H,  there  is  a 
decline  in  og  between  300  and  1100  K.  This  is  expected 
if  attractive  forces  are  responsible  for  the  quenching 
collisions. 

The  very  low  values  of  <yQ  which  we  obtain  for  Nj  and 
ST,  at  elevated  temperatures  are,  however  very  sur¬ 
prising.  We  shall  see  below  that  the  experimental  re¬ 
sults  are  much  smaller  than  expected  from  a  model  in¬ 
volving  attractive  interactions.  However,  if  quenching 
by  Nj  is  due  only  to  the  repulsive  part  of  the  potential, 
the  large  decrease  in  <j9  should  not  occur.  Although  S7, 
has  not  been  studied  at  room  temperature,  one  would 
not  expect  it  to  behave  much  differently  from  CT,.  Yet 
<r4  (or  the  latter  has  been  measured11  as  18  A*  at  300  K 
in  contrast  to  <rg  (ST„  1100  K)  which  is  less  than  l?o  of 
this  value. 

A  measurement  of  OH  quenching  by  H,0  has  been 
made13  from  the  temperature  dependence  of  the  lumi¬ 
nescence  following  photodissociation  of  H,0  vapor.  It 


shows  a  *0  (HaO)  linearly  proportional  to  T  over  the 
range  300-600  K.  Both  the  magnitude  (<r0  *  110  A*  at 
600  K)  and  the  variation  with  temperature  are  in  con¬ 
tradiction  with  our  results  and  our  concept  of  attractive 
interactions  as  responsible,  although  we  can  offer  no 
explanation  tor  the  discrepancy . 

B.  Weil  depth  correlation 

Several  attempts  have  been  made  to  theoretically 
characterize  the  collision-induced  electronic  quenching 
that  occurs  in  small  molecules.  The  goal  has  been  to 
correlate  the  observed  ag’ s  with  certain  molecular  pa¬ 
rameters,  so  as  to  obtain  insight  into  the  quenching  pro¬ 
cess  and  ultimately  yield  predictive  capabilities.  Earlier 
approaches14-11  considered  the  interaction  to  be  due  to 
dispersion  forces.  Although  they  contribute,  thev  are 
not  the  dominant  forces  in  the  case  of  A  2I*  OH  and  the 
collision  partners  measured  here.  This  we  conclude 
from  unsuccessful  attempts  at  correlation  of  our  nQ 
with  the  pertinent  parameters  involving  polarizability, 
ionization  potential,  and  gas  kinetic  radius. 

A  more  successful  approach  involving  a  single  mo¬ 
lecular  parameter  was  developed  by  Parmenter  and  co¬ 
workers,  1  who  applied  it  to  a  number  of  collision  pro¬ 
cesses.  This  model  assumes  that  only  attractive  forces 
are  responsible  for  the  quenching  and  considers  an  a*- 
M  intermediate  collision  pair  to  be  m  equilibrium  with 
the  separated  species.  The  [A*-M '  concentration  and 
resulting  are  then  calculated  from  partition  func- 
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tiona.  Although  derived  differently  in  Ref.  1,  this  can 
be  considered  as  an  application  of  transition  state  theo¬ 
ry  to  the  quenching  problem.  The  energy  of  the  com¬ 
plex  compared  to  the  separated  A*  and  M  is  taken  as  a 
Lennard-Jones  type  potential  well  depth,  <A*M.  This 
leads  to  the  relationship 

In  erg  =  In  C  +  ,  (2) 

where  C  is  a  constant.  Because  the  well  depth  for  A* 
and  M  is  unknown,  the  reasonable  approximation 

i/Pt?  ttat 

was  made.  Then,  with  >3  =V 

In  Qq  =  In  C  +  3  (3) 

furnishes  a  correlation  between  the  Oq  for  a  given  A* 
and  the  well  depths  for  the  ground  state  M-M  interac¬ 
tions.  The  (yy  were  obtained1  from  a  variety  of  meth¬ 
ods,  including  for  many  species  a  correlation  with  boil¬ 
ing  point.  From  the  slope  of  a  plot  of  In  ffjj  vsV  <**/£ 
one  should  obtain  «A*A*  which  could  then  be  used  to  pre¬ 
dict  eg  values  at  other  temperatures. 

Parmenter  and  co-workers1  found  that  Eq.  (3)  de¬ 
scribed  well  a  large  number  of  excited  state  collision 
processes  where  large  overall  cross  sections  Indicated 
a  priori  the  importance  of  attractive  forces.  An  at¬ 
tempt  was  made  by  them  to  describe  the  temperature 
dependence  of  glyoxal  quenching  using  the  0  from  a  room 
temperature  plot  corresponding  to  Eq.  (3);  it  was  found 
that  the  decrease  with  T  in  the  expt  mental  <ra  values 
was  less  than  predicted. 

A  plot  of  the  room  temperature  OH  quenching  cross 
section  values  vs  is  shown  in  Fig.  8(a).  The  c9 

are  those  from  Table  n  plus  11  of  the  extensive  series 
of  halocarbons  measured  by  Clyne  and  Holt1*  for  which 
<MM  are  available.  A  reasonable  correlation  is  achieved, 
with  a  slope  3*0.19  and  an  Intercept  lnC  =  0.8.  Figure 
8(b)  plots  the  <rQ  measured  here  at  - 1100  K  vs 
The  correlation  (ignoring  the  Nt  and  SF,  values)  does 
not  appear  as  clearly  as  for  the  room  temperature  re¬ 
sults  although  it  must  be  borne  in  mind  that  a  slope 
smaller  by  3/11  Is  expected  at  the  higher  temperature. 
The  line  is  the  predicted  aQ  using  0(1100  K)  and  InC  de¬ 
rived  from  the  300  K  plot;  the  slope  is  reasonable  al¬ 
though  the  predicted  cross  sections  are  uniformly  low. 

C.  Multipole  attractive  forces  correlation 

This  approach  too  rests  on  the  concept  of  a  collision 
complex  held  together  by  attractive  forces,  although  the 
physical  model  for  the  complex  formation  is  rather  dif¬ 
ferent  than  in  the  correlation  with  M-M  well  depth. 
Suggested  earlier, l*  it  was  applied  by  Lee  and  co-work¬ 
ers*  to  quenching  of  SOj,  using  a  simplified  procedure 
of  adding  analytically  derived  cross  sections  for  each 
attractive  component  of  the  potential  taken  separately. 

We  have  chosen  to  construct  the  single  potential  with 
all  the  attractive  interactions  taken  together,  and  com¬ 
pute  the  cross  section  numerically.  We  describe  here 
the  physical  picture  in  some  detail,  followed  by  a  com¬ 
parison  with  the  present  cg  values. 


FE.  8.  Plots  of  ln<r0  vs  (c/h)1'1  for  various  gases.  (Top) 
Values  at  300  K.  Circles,  selected  from  results  from  Table  □. 
Triangles,  halocarbon  quenchers  measured  by  Clyne  and  Holt 
(Ref.  12).  Line  Is  a  fit  to  the  results.  (Bottom)  Present  ex¬ 
perimental  values  at  high  temperature.  Line  is  predicted  cross 
sections  using  the  300  K  values.  Note  that  the  slope  is  rea¬ 
sonable  although  the  predicted  <r0  are  uniformly  low. 


The  long  range  part  of  the  interaction  between  A*  and 
M  ia  composed  of  a  sum  of  attractive  multipole  interac¬ 
tions  (dipole-dipole,  dlpole-quadrupole,  dipole-induced- 
dipole,  and  dispersion)  and  a  repulsive  centrifugal  bar¬ 
rier.  This  last  term  is  L*/2)ir*  =  (nt?6)*/2pr*  =  £d*/r*; 

L  is  the  angular  momentum  involved  in  the  collision  at 
kinetic  energy  £  and  with  impact  parameter  b.  Thus, 
the  effective  potential  V(r)  is 

,  £6*  C,  C,  C, 

K(r)  =  -p-  -Jt  (3) 

This  potential  for  OH-H*0  collisions  at  £  =  1100  K  =  2. 18 
kcal/ mol  and  several  impact  parameters  is  illustrated 
in  Fig.  9.  For  each  £  and  b,  there  is  a  maximum  value 
in  the  potential  at  the  separation  r0;  both  ra  and  V(rt) 
depend  on  both  £  and  b  (i.e. ,  £  and  L). 

In  a  collision  at  a  particular  energy  £,  there  then 
exists  some  impact  parameter  b0  where  the  maximum 
in  the  effective  potential  is  just  equal  to  £.  For  b<  b0, 
the  barrier  will  be  lower  and  the  collision  pair  can  form 
a  complex  which  is  bound,  at  least  briefly,  within  the 
barrier.  For  b>  b0,  the  barrier  is  higher  than  £,  and 
the  pair  cannot  surmount  it,  so  as  to  come  closer  than 
r0  and  form  a  complex.  This  impact  parameter  !>„(£) 
is  thus  the  maximum  separation  for  which  a  complex 
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FIS.  8.  The  loaf  rang*  part  of  the  effective  potential  [Eq.  <3)1 
tor  OH  M  *£*)  colliding  with  HjO  at  a  collision  energy  of  1100  K 
a  2. 18  Itcal  (shown  on  right).  Curves  are  (or  succeslvaly  larger 
value*  ot  Impact  parameter  i  a a  Indicated. 


can  (arm  at  the  collision  energy  £,  and  tha  cross  sec¬ 
tion  for  complex  formation  at  thin  energy  can  be  written 

an 

»*<£)..  vhi<£)  .  (4) 

The  cross  section  tor  quenching  is  that  for  complex  for¬ 
mation  times  a  probability  P  that  quenching  wilt  occur 
during  the  residence  time  of  the  complex.  We  have  no 
way  at  knowing  P  a  priori,  or  how  It  varies  among  col¬ 
lision  partners,  and  so  will  consider  It  a  single  value 
Independent  of  collider.  The  thermally  averaged  cross 
section  at  T  is  than 


»o 


(A)*  jf 


E/kDdE  .  (5) 


In  the  case  of  a  single  attractive  term,  such  as  for 
CH,  or  SF,  where  only  dl pole-ln duced-di pole  and  dis¬ 
persion  forces  contribute,  the  equations  may  be  solved 
analytically.  For  this  potential 


.  Eb*  C . 

V(r)  *  ~pr  -  ^T 


r,  is  the  value  at  which  dV/dr* 0,  leading  to  r0*(3C*/ 
£**)l/4  and  Vfr„)  •  J£,/V/3,/,Ci/*.  d0  may  then  be 
evaluated  by  recalling  that  at  this  value  of  impact  pa¬ 
rameter,  Vfr,)»£.  Thus  i>,*(3l/,/2lM)  (C,/E)w4, 
which  can  then  be  used  with  Eqs.  (4)  and  (S)  to  obtain 


For  a  potential  with  more  than  one  multipole  inter¬ 
action  [Eq.  (3)1  this  simple  procedure  cannot  be  used 
becauee  the  derivative  equation  d  VI dr  «  0  at  the  top  of 
the  barrier  leads  to  a  more  complex  power  series  equa¬ 
tion  for  iv  We  have  adopted  a  straightforward,  if 
tedious,  numerical  approach.  For  a  given  E,  a  small 
value  of  b  is  chosen.  V(r)  is  then  calculated  as  a  func¬ 
tion  of  increasing  r  until  a  maximum  is  found;  this  l'(r,) 
is  compared  to  E.  6  is  then  incremented  and  the  pro¬ 
cess  is  repeated  until  V(r,)»£;  the  corresponding  value 
of  b  is  set  equal  to  i>9  for  that  energy.  The  process  is 


repeated  for  increased  £,  and  the  resulting  set  of 
is  then  numerically  integrated  to  obtain  <y9  ( T). 

This  approach  contrasts  with  that  used  previously 
for  SO,.  1  There,  the  approximation  was  made  of  a 
separate  a9  calculated  for  each  component  of  the  inter¬ 
action,  with  the  total  o0  taken  as  the  sum  of  those  cross 
sections.  Actually,  there  is  only  one  potential,  rather 
than  a  sum  of  various  r""  potentials  acting  independently . 
Unless  one  multipole  interaction  strongly  dominates, 
this  sum  of  cross  sections  from  each  component  can  be 
much  larger  than  that  calculated  numerically  from  the 
single  potential.  In  the  case  of  SO,,  excellent  agree¬ 
ment  was  achieved  between  the  calculated  and  experi¬ 
mental  values.  For  OH,  the  various  interactions  are 
often  of  comparable  magnitude,  necessitating  the  nu¬ 
merical  computation  we  have  used. 

The  C.  coefficients  may  be  expressed  in  terms  of  the 
dipole  and  quadrupole  moments,  polarizability  and  ion¬ 
ization  potential  of  excited  OH  and  the  collision  partner, 
the  pertinent  expressions  are  listed  in  Table  m.  The 
dipole  moment  for  A  OH  has  been  measured;  the 
quadrupole  moment  is  taken  as  the  same  as  for  the 
ground  state  and  the  polarizability  is  estimated  by  that 
atX'Z'  HF.  These  necessary  approximation*  are  rea¬ 
sonable;  note  that  the  same  values  are  used  for  each 
collision  partner.  The  molecular  parameters  used  in 
the  calculations  are  collected  in  Table  IV.  There  exists 
an  orientation  dependence  for  some  of  the  attractive 
terms;  in  each  case  the  interaction  is  calculated  at  the 
moat  favorable  orientation.  For  example,  the  dipole- 
dipole  interaction  is  [a,  •  Mi)(F-  4,)]/^  which 

has  a  maximum  value  of  2  .  With  one  exception, 

tha  most  favorable  orientation  is  the  same  for  all  orien¬ 
tation-dependant  interactions.  The  exception  is  4oaQ*,o 
compared  with  other  0H-H,0  terms,  but  its  magnitude 
Is  also  quite  small  by  comparison.  The  use  of  weaker, 
orientation-averaged  potentials  generally  gave  too  small 
a  calculated  cross  section. 

The  results  of  the  calculations  at  a  temperature  of 
1100  K  are  listed  in  Table  I  for  each  of  the  gases  mea¬ 
sured.  The  experimental  value*  are  compared  with  the 
calculated  ones  in  Fig.  10.  With  the  obvious  exceptions 
of  N,  and  SF„  and  possibly  CO,,  there  is  a  reasonable 
correlation  between  experimental  and  calculated  values. 
The  line  drawn  is  a  least-squares  fit,  constrained  to  go 
through  the  origin,  for  the  eight  other  gases.  The  slope 
of  0. 4  can  be  interpreted  as  a  common,  average  prob¬ 
ability  P  for  quenching  once  the  collision  complex  has 
been  formed.  Although  it  is  not  expected  that  P  be  the 
same  for  each  collision  partner,  the  experimental  values 


TABLE  IB.  Multipole  terms  included  in  the  calculation,  at  the 
most  favorable  orientation. 


C, 

Dipole-Dipole 

24. <*, 

C, 

Dlpole-Quadrupole 

Dipole -Induced  Dipole 

2-ia,*2-;o, 

'  'I.  P.  >,U.  P.  I,  ' 

= 

Dispersion 

"  jl.  P.i^  'J‘J' 
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TABLE  IV.  Parameters  used  in  calculation. 


Reference 

(t/*)1/J 

a 

M(D) 

b 

Qxio2*  esucm2 
c 

a  (A1) 

d 

I.  P.  (eV) 
e 

Nj 

9.7 

0 

-1.52 

1.76 

15.58 

SF, 

14.2 

0 

0 

4. 52 

16.15 

CO 

10.2 

0.112 

-2.5 

1.95 

13.98 

CO, 

14.0 

0 

-4.3 

2.  65 

13.77 

H,0 

20.7 

1.85 

+  0.13 

1.48 

12.6 

ch4 

12.1 

0 

0 

2.60 

12.  71 

NH, 

18.9 

1.47 

-1 

2.26 

10.19 

o, 

10.8 

0 

-0.  39 

1.60 

12.  06 

H, 

6.1 

0 

+  0.66 

0.79 

15. 43 

NO 

10.7 

0.1S3 

-1.8 

1.74 

9.25 

N,0 

1S.S 

0.166 

-3.0 

3.00 

12.  89 

OH  A  *2* 

1.98* 

(2.  46‘) 

9.12 

X% 

1.66* 

+  1.8* 

13.17 

*H.  M.  Lin, 

M.  Seaver,  K. 

Y.  Tang,  A. 

E.  Knight,  and  C.  S. 

Parmenter,  J. 

Chem.  Phys. 

TO,  $442  (1979). 

*FromR,  D.  Nelson,  D.  R.  Ltde,  and  A.  M.  Maryott,  Selected  Values  of  Electric  Dipole  Mo¬ 
ments  for  Molecules  in  the  Gas  Phase  (U.S.  GPO,  Washington,  D.  C. ,  1967),  VoL  10. 

CD.  E.  Stogryn  and  A.  P.  Strogryn,  Mol.  Phya.  11,  371  (1966). 

aJ.  O.  Hlrschfelder,  C.  F.  Curtiss,  and  R.  B.  Bird,  Molecular  Theory  of  Gases  and  Liquids, 
2nd  ed.  (Wiley,  New  York,  1964). 

*R.  A.  Beaudet  and  R.  L.  Poynter,  J.  Phys.  Chem.  Ref.  Data  7,  311  (1978). 

*E.  A.  Scarl  and  F.  W.  Dalby,  Can.  J.  Phys.  49,  282$  (1971). 

*W.  L.  Meerta  and  A.  Oymanus,  Chem.  Phys.  Lett.  23,  4$  (1973). 

*A.  Khayar  and  J.  Bonamy,  J.  Quant.  Spectrosc.  Radiat.  Transfer  28,  212  (1982). 

‘Valuator  HFX1!*. 


(excluding  N„  SF«,  and  CO,)  do  differ  from  the  predicted 
ones  by  only  25%  on  the  average. 


The  multipole  interaction  approach  predicts  a  decrease 
in  <rg  with  increasing  temperature,  but  to  a  smaller  de¬ 
gree  than  indicated  by  the  Parmenter  model  correlating 
with  well  depth.  We  have  calculated  oq  at  300  K.  The 
pertinent  results  are  collected  In  Table  V  (or  the  six 
gases  studied  here  which  have  also  been  measured  at 
room  temperature.  The  experimental  cross  section 
ratio  Is  the  present  result  divided  by  the  selected  room 
temperature  value  listed  in  the  table.  An  assessment 
of  the  level  of  agreement  between  the  experimental  and 
calculated  temperature  dependence  is  strongly  influenced 
by  the  choice  of  oQ  (300  K)  from  the  range  of  available 
values.  Nonetheless,  except  for  the  weak  quencher  N,, 
and  for  H,  where  <r0  (1100  K)/ag  (300  K)>  1,  the  pre¬ 
dicted  dependence  is  essentially  observed. 


tures.  The  full  set  of  a0  previously  measured  at  room 
temperature  shows  considerable  spread,  **  and  even  the 
selected  set  of  recent  values  given  in  Table  II  exhibits 
differences  of  a  factor  of  2  where  there  exist  multiple 
determinations.  Within  the  context  of  energy  transfer 
measurements  in  general,  this  constitutes  rather  re¬ 
spectable  agreement  among  values  obtained  in  different 
laboratories,  but  it  does  suggest  the  potential  for  sys¬ 
tematic  error  in  any  given  measurement.  We  have  cho- 


V.  CONCLUSIONS  AND  QUESTIONS 


Two  related  conclusions  can  be  drawn  from  these  re¬ 
sults.  The  first  Is  the  direct  experimental  result  show¬ 
ing  the  oq  at  elevated  temperatures  to  be  lower  than 
those  at  room  temperature,  and  the  second  is  the  inter¬ 
pretation  that  attractive  forces  and  collision  complex 
formation  play  an  important  role  in  the  quenching  of  OH 
by  many  collision  partners. 


For  the  comparison  of  o0  at  room  and  elevated  tem¬ 
peratures,  it  would  lave  been  preferrable  to  have  mea¬ 
surements  over  the  entire  range  in  a  single  system, 
which  was  not  possible  with  the  LP/LF  apparatus.  One 
must  consider  errors  in  absolute  o0  at  both  tempera¬ 


4° 

°CALC 


FE.  10.  Experimental  cross  sections  vs  cross  sections  calcu¬ 
lated  using  the  multlpoie  approach.  The  line  is  a  least  squares 
fit,  constrained  to  pass  through  the  origin  and  not  Including  the 
results  for  N„  SF(,  and  CO,. 
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TABLE  V.  Quenching  cross  sections  at  300  and  1100  K. 


06  moot/ (T„  i3oo> 


06(300)  (A2) 

CqUlOO)  (A2) 

Ex  peri  meat 

Multipole  theory 

Nj 

3.7 

0.7 

0.19 

0. 60 

0, 

12 

11 

0.92 

0.62 

HjO 

85 

28 

0.  40 

0.  47 

CO, 

20 

13 

0.65 

0.  57 

H, 

7 

10 

1.43 

0.60 

CO 

43 

20 

0.  47 

0.  56 

sen  for  comparison  (Fig.  8  and  Table  V)  what  appear  as 
consensus  or  average  values.  At  the  elevated  tempera¬ 
tures,  we  recall  our  error  estimates  of  -25%.  This  is 
also  the  error  estimated  for  our  rate  constant  measure¬ 
ments4  for  OH  -CH,  from  800  to  1400  K,  which  In  turn 
agrees  well  with  the  scatter  from  expected  values  (mea¬ 
surements,  and  extrapolations  from  a  fit  to  more  accu¬ 
rate  lower  temperature  data). 

In  view  of  these  uncertainties,  it  is  the  totality  of  the 
evidence — the  ratios  in  Table  V  on  which  we  conclude 
that  <ra  decreases  with  increasing  temperature. 

These  results  have  immediate  implications  for  ex¬ 
periments  in  which  UF  is  used  to  detect  OH  in  flames 
where  composition,  temperature,  and  density  vary  with 
position.  In  a  flame  of  CH^/O,,  for  example,  the  aver¬ 
age  <rq  increases  as  the  fuel  and  oxygen  are  converted  to 
CO,  CO,,  and  H,0.  v  increases  as  74'1  but  the  density 
varies  inversely  with  T,  and  <r0  for  each  gas  decreases 
somewhat  with  higher  T.  Some  model  calculations"  in¬ 
dicate  a  quenching  rate  (a*1)  and  resulting  fluorescence 
quantum  yield  which  varies  little  with  position,  in  accord ' 
with  direct  measurements  for  OH“  and  CH**  in  low-pres¬ 
sure  flames.  In  the  case  of  an  air-based  flame,  the  very 
low  Oq  tor  N,  means  higher  quantum  yield  and  better 
sensitivity  than  would  have  been  estimated  using  the 
room  temperature  value.  In  contrast,  atmospheric 
monitoring  experiments  in  which  OH  Is  measured  by 
LIF  at  T<  300  K  (i.  e. ,  in  cooler  regions  of  the  strato¬ 
sphere)  will  probably  be  affected  by  higher  than  the 
room  temperature  values. 

This  temperature  dependence  and  the  correlation  be¬ 
tween  experimental  and  calculated  cross  sections  shows 
that  attractive  forces  are  responsible  for  the  overall 
si2e  of  <7q  and  its  variation  with  collision  partner.  The 
correlations  with  the  well  depth  model  and  the  multipole 
interaction  are  of  course  not  independent;  a  plot  of 
In vsv  kT  shows  a  correlation  similar  to  that  in 
Fig.  8(b)  with  a  slope  of  -0. 085  at  1100  K. 

The  picture  is  still  far  from  complete.  The  correla¬ 
tion  seen  In  Fig.  10  suggests  a  similar  probability  P 
for  quenching  once  a  complex  is  formed,  for  the  eight 
partners  whose  experimental  values  lie  near  the  line. 

One  might  expect  a  priori  quite  different  values  given 
the  differences  in  the  nature  of  the  colliding  molecules. 

If  the  quenching  were  facilitated  by  some  partial  equt- 
partition  of  energy  among  modes  of  the  collision  com¬ 
plex,  large  differences  in  P  between  the  diatomics  on 
the  one  hand  and  the  triatomics  plus  ammonia  on  the 


other  would  seem  likely.  Alternatively,  one  might  have 
anticipated  the  A-X  mixing  in  OH  to  be  caused  by  an  in¬ 
teraction  with  the  dipole  or  other  moments  of  the  colli¬ 
sion  partner,  but  this  does  not  appear  to  be  the  case. 

The  conspiciously  low  values  tor  N,  and  SF,  are  par¬ 
ticularly  puzzling,  for  N,  alone,  one  might  rationalize 
especially  ineffective  quenching  once  the  complex  is 
formed;  note  that  the  <r0  at  room  temperature  is  also  the 
lowest  of  all  molecular  gases.  However,  an  interpreta¬ 
tion  including  participation  of  the  repulsive  part  of  the 
interaction  is  not  in  accord  with  the  results  for  N,, 
which  shows  a  much  smaller  co(1100)/<to(300)  ratio  than 
all  other  gases  for  which  comparison  is  possible  (Table 
V).  The  small  size  of  ?Q  for  SF«,  while  welcome  from 
the  experimental  point  of  view  due  to  its  necessary  pres¬ 
ence  in  the  LP/LF  method,  is  even  harder  to  reconcile. 
It  lacks  attractive  interactions  with  an  r*1  and  r~*  depen¬ 
dence  but  so  does  CH,  which  has  a  much  larger  cross 
section.  Any  special  rationalizations  involving  the  cloua 
of  fluorine  atoms  is  invalidated  by  the  size  of  <ro(300) 
for  CF,  and  other  halocarbons. 11  Thus  the  low  values 
for  these  two  collision  partners  remains  a  fully  open 
question.  Measurements  for  an  even  broader  range  of 
collision  partners  is  needed  to  formulate  a  full  picture 
of  the  quenching  of  A2C*  OH. 
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Laser-induced  fluorescence  spectroscopy  for 
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Abatract  Laser-induced  fluorescence  can  be  used  to  detect  with  high  sensitivity 
small  molecular  species,  typically  free  radicals,  which  are  the  intermediates  in 
the  chemistry  of  combustion  processes,  the  atmosphere,  and  plasmas.  Using  as 
examples  recent  work  from  our  laboratory,  we  describe  the  laser  spectroscopy 
and  spectroscopically  based  collision  studies  needed  for  application  of  the 
laser- induced  fluorescence  techniques,  with  an  emphasis  on  combustion 
diagnostics. 

Keywords:  fluorescence :  laser-induced  fluorescence;  free  radicals  collision  studies : 
combustion  diagnostics. 
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I.  INTRODUCTION 

The  technique  of  laser-induced  fluorescence  (LIF)  of  small,  gas- 
phase  molecules  has  found  widespread  application  in  the  physical 
and  engineering  sciences.  In  addition  to  providing  fundamental 
information  on  spectroscopic  and  collisions!  properties,  it  is  proving 
useful  as  a  diagnostic  technique  in  several  fields.  LIF  is  especially 
suitable  for  the  sensitive  detection  of  a  number  of  reactive  inter¬ 
mediates  in  chemical  networks,  the  most  important  example  of 
which  is  OH.  The  areas  in  which  LIF  is  increasingly  used  include  the 
study  of  combustion  phenomena,  processes  in  the  upper  and  lower 
atmosphere,  the  chemistry  of  plasmas,  and  laboratory  measurements 
of  chemical  reaction  rates. 


Invited  Paper  F-KJJ  received  Mar  3.  (983:  revised  manuscript  received  June  6,  (983; 
accepted  for  publication  June  7.  1983;  received  by  Managing  Editor  July  20.  1983 
•  1983  Society  of  Photo-Optical  Instrumentation  Engineers. 


vvV'-S-V' 


Establishment  of  the  ability  to  detect  a  given  species  with  LIF 
requires  a  study  of  its  spectroscopic  characteristics.  This  often  takes 
as  a  departure  point  previous,  conventional  (nonlaser)  spectroscopic 
investigations,  but  involves  further  research  to  develop  optimal 
detection  strategies  (choices  of  excitation  and  fluorescence  wave¬ 
lengths).  This  is  especially  true  if  there  are  potential  interfering 
species.  In  many  cases,  further  quantification  of  the  LIF  method  is 
desirable;  the  extent  and  level  of  precision  required  vary  with  the 
species  detected  and  processes  studied.  Here  measurements  are 
needed  of  lifetimes,  transition  probabilities,  and  a  variety  of  collision 
phenomena.  Finally,  the  development  of  special  LIF  variants  such  as 
two-photon  detection  requires  additional  spectroscopic  detail. 

We  discuss  in  this  paper  the  types  of  spectroscopic  and  cotiisional 
measurements  needed  to  develop  LIF  as  a  diagnostic  technique, 
using  as  illustrations  recent  experiments  from  our  laboratory.  (There 
are  many  other  researchers  and  laboratories  active  in  this  field,  and 
we  emphasize  that  this  paper  is  not  to  be  construed  as  a  review  of 
work  in  the  field  in  general.)  Such  studies  form  a  significant  portion 
of  our  research  program,  which  has  as  its  objective  the  development 
and  application  of  laser  methods  (primarily  LIF)  for  the  understand¬ 
ing  of  the  chemistry  of  a  variety  of  processes.  Much  of  our  current 
orientation  is  toward  combustion  phenomena;  the  choice  of  species 
and  characteristics  for  study  and  for  discussion  here  is  slanted 
toward  that  application.  We  note  that  of  the  nearly  thirty  combustion 
chemistry  intermediates  detectable  by  LIF.  all  were  first  studied  by 
chemists  or  physicists  in  fundamental  spectroscopic  studies  and  not 
by  the  user  community  interested  in  applications.  Hence,  it  is  impor¬ 
tant  to  establish  a  coupling  between  the  needs,  present  and  antici¬ 
pated,  in  the  applied  areas  and  an  awareness  of  the  current  and 
possible  capabilities  of  the  fundamental  studies. 

2,  LASER-INDUCED  FLUORESCENCE  AS  A 
DIAGNOSTIC  PROBE 
2.1.  LIF  method 

In  laser-induced  fluorescence1  one  tunes  a  laser  so  that  its  wavelength 
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matches  that  of  some  absorption  tine  of  the  species  of  interest.  The 
molecules  absorb  the  laser  photons,  becoming  elevated  to  an  elec¬ 
tronically  excited  state  from  which  they  emit  light  (fluoresce).  The 
fluorescent  photons  then  form  the  detected  signal.  As  the  laser  is 
scanned  across  a  series  of  absorption  lines,  signal  is  produced  each 
time  a  match  occurs.  Such  a  so-called  excitation  scan  is  depicted 
schematically  in  Fig.  1.  It  traces  out  what  isessenually  the  absorption 
spectrum  of  the  molecule,  but  with  a  significant  difference  compared 
to  conventional  absorption  spectra.  In  LIF  one  detects  not  a  small 
dip  in  some  transmitted  beam  of  light,  but  rather  a  positive  signal  on 
a  null  background.  This  yields  much  higher  sensitivity;  absorptions 
less  than  I0~*  per  cm  can  produce  readily  measured  signals. 

The  rate  of  production  of  molecules  in  the  upper  level  pumped  by 
the  laser  is  given  by 


where  Ne  and  N,  are  the  number  densities  (cm-1)  in  the  pumped  and 
absorbing  levels.  B  is  the  Einstein  absorption  coefficient,  and  I  is  the 
laser  intensity  (W;  cm2).  (We  will  not  consider  here  line  shape  effects; 
B1  in  Eq.  (1)  represents  actually  the  convolution  of  the  laser  and 
absorption  lines  over  frequency,  or  J  B(v)I(v)dv.)  N#  is  related  to 
the  total  ground-state  density  N(  by  a  Boltzmann  distribution: 


NgG,exp(— EjjkT)  . 


where  G,  and  E,  are  the  degeneracy  and  energy  of  level  a.  The 
B-cocfflciem  for  a  given  v'.v'  vibrational  band  and  J'.J*  rouuonal 
branch*  is  a  product  of  three  factors:  a  vibrational  transition  proba- 
bilityT  Pw.  a  rotational  line  strength  S^j-,  and  an  overall  electronic 
transition  probability,  which  is.  in  turn,  inversely  proportional  to  the 
radiative  lifetime  r  of  the  upper  state.  Thus, 


Py'V-Sj.J-k1  Ge 


where  \  is  the  transition  wavelength,  and  the  G's  are  the  electronic 
degeneracies  of  the  excited  and  ground  states. 

The  excited  state  then  radiates.  Under  collision-free  conditions, 
and  when  light  from  all  the  possible  fluorescent  transitions  is  col¬ 
lected  and  integrated  over  time,  the  fluorescence  signal  F  is  given  by 

F  *  cANe  *  cNe/  r  .  (4) 

where  A  3  r-1  is  the  Einstein  emission  coefficient,  c  contains  all  the 
factors  of  geometry  (solid  angle,  probed  volume),  optical  losses 
(filters  or  monochromator  transmission,  detector  quantum  effi¬ 
ciency).  and  electronic  gain  that  can  be  separately  calibrated.  If  a 
particular  i‘  —  J*.  v'  —  v'  fluorescent  transition  is  observed,  the  A  of 
Eq.  (4)  becomes 


Py'y*  Sj.J-.  r 


Measurements  of  P.  S.  r.  and  the  energy  levels  of  the  molecule  in 
question  form  the  needed  spectroscopic  information  for  LIF  diag¬ 
nostic  development. 

At  pressures  of  an  atmosphere,  a  molecule  that  has  been  excited 
by  the  laser  can  suffer  collisions  during  the  time  it  resides  in  the  upper 
state,  before  it  radiates  at  the  rate  A  characteristic  of  the  electronic 
transition  involved.  For  example,  for  the  OH  molecule  in  a  (lame  at 
atmospheric  pressure,  only  about  1  in  each  1000  excited  molecules 
emits  a  photon:  the  remainder  are  collisionally  quenched  back  to  t  he 

•A*  m  customary  molecular  sptctroscoptc  notation.  «  sing*  prime  denotes  inc  ypper 
ttatc  and  »  douftte  pm  me  the  ground  ttaw;  also,  when  s  transition  >s  <at>cied.  he  jp  per 
tuie  is  always  written  first  lor  both  absorption  and  emission  i«.  %. .  ihe  b.O  band  means  v 
*  V  v'  •  0) 

•For  tha  important  OH  molecule,  but  tor  no  other*  ot  current  practical  tigmncance.  P 
vanes  witn  V  and  J*  also,  as  discussed  m  Sec.  3  4 


ffq.1.  SehUMWtc  mpr— ntadow  of  in  «» citation  scan.  The  lasaria  tuned 
over  various  ahoorpdow  lines  Ismail  arrows).  Dstaction  is  achieved  by 
manuring  the  total  fluorescence  intensity  (large  shaded  arrow). 


ground  electronic  state.  In  this  case  one  has 

F  =  cA<PNe  .  (6) 

The  fluorescence  quantum  yield  4  is  related  to  A  and  the  quenching 
rate  Q  by 

*  =  A/ (A  +  Q)  (7) 

Collisions  can  also  be  of  the  energy-transfer  type,  which  move  the 
molecule  from  the  pumped  level  to  other  radiating  levels  within  the 
upper  state.  In  this  case  one  must  consider  the  state-to-state  depen¬ 
dence  of  these  collision  processes  together  with  the  specific  transi¬ 
tions  monitored  in  fluorescence.  That  is.  one  may  have  an  effective 
quantum  yield  differing  from  that  in  Eq.  i  *).  as  we  shall  discuss  later 
In  any  event,  it  is  clear  that  the  study  of  collisional  effects1  is  also  an 
important  pan  of  LIF  development  research. 

2.2.  LIF  in  combustion  measurements 

LIF,  together  with  spontaneous  and  coherent  Raman  spectre  .cepv. 
forms  a  family  of  laser  spectroscopic  probes'  for  the  study  of  com¬ 
bustion.  that  is.  methods  providing  concentrations  and  temperatures 
ithrough  the  population  distribution  over  internal  energy  levelsi  of 
identifiable  molecular  species.  The  methods  complement  one  another 
well  in  that  the  Raman  techniques  are  the  choices  for  measuring 
major  species  in  a  flame  ithe  tuel.  oxidant,  main  exhaust  gases,  and. 
n  an  air  flame.  N.i  LIF  s  the  oniv  method  suitable  for  ine  detection 
of  ihe  chemical  intermediates  present  at  >o*  concentration 

LIF  has  a  number  of  aitrioutes  especiailv  useful  in  combustion 
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studies.  The  laser  can  be  focused  and  is  generally  pulsed,  so  that  high 
spatial  and  temporal  resolution  are  possible.  Sample  volumes  of 
<  10~}  mm3  can  be  defined,  although  1  mm3  is  a  more  typically  used 
value  in  many  present  studies.  Most  of  the  lasers  used  have  pulse 
lengths  of  10  ns,  so  that  measurements  average  only  over  this  inter¬ 
val.  These  attributes  are  important  in  atmospheric  pressure  flames, 
where  significant  concentration  and  temperature  gradients  can  exist 
over  spatial  regions  of  the  order  of  I  mm,  and  under  turbulent 
conditions,  where  conditions  can  change  in  times  of  the  order  of  a 
few  us.  The  method  is  sensitive;  for  example,  OH  can  be  detected  in  1 
mm3  volume  at  sub-part-per-billion  concentrations,  producing  some 
100  detected  photons  on  a  single  10  ns  laser  shot.  Selectivity  is 
obtained  through  the  narrow  bandwidth  of  the  laser,  which  provides 
high  spectral  resolution.  Even  if  two  species  absorb  at  the  same 
bandwidth,  they  can  often  .be  distinguished  by  choosing  different 
fluorescent  wavelengths  at  which  only  one  or  the  other  emits.  As  with 
other  optical  probes,  L1F  is  nonintrusive,  so  that  it  does  not  perturb 
the  gas  flows  or  chemical  reactions.  Additionally,  it  can  be  used  in 
environments  too  hostile  to  permit  the  insertion  of  a  physical  probe 
device,  such  as  a  thermocouple  or  a  sampling  nozzle. 

L1F  is,  in  fact,  the  only  method  capable  of  providing  sensitive, 
fast,  spatially  resolved  measurements  of  chemical  intermediates.  It  is. 
on  the  other  hand,  not  general,  as  is  mass  spectrometry,  for  example. 
To  be  detectable  with  LIF,  the  molecule  must  possess  a  suitable 
electronic  transition,  at  wavelengths  accessible  with  available  lasers, 
which  also  fluoresces.  Fortunately,  many  important  small  combus¬ 
tion  chemical  intermediates  fall  into  this  category.  Table  I  lists  the 
“natural”  combustion  intermediates  that  have  been  detected  with 
LIF  in  low  pressure  flows  or  cells  and/  or  in  flames.  (Not  included  in 
the  table  are  a  number  of  metals,  their  oxides  and  halides,  often 
obtained  in  flames  only  through  seeding  but  sometimes  found  as 
contaminants,  and  many  larger  organic  species,  such  as  benzene, 
acetone,  benzyl  radicals,  etc.) 

For  diagnostic  applications,  it  is  important  to  recognize  that  LIF 
measures  the  concentration  of  the  ground  electronic  state  of  the 
species  monitored,  in  contrast  to  the  excited  states  seen  directly  from 
emission  spectroscopy.  Because  the  excited  states  are  often  produced 
through  very  different  chemical  reactions  than  ground  states,  the 
distributions  can  be  very  different,  and  only  LIF  furnishes  informa¬ 
tion  truly  relevant  to  the  overall  chemistry. 

Recently  we  have  developed  a  new  two-dimensional  variant  of 
LIF4  which  promises  numerous  useful  applications  in  flames  and 
other  systems.  It  is  a  fluorescence  imaging  technique  that  furnishes  a 
planar  map  of  the  radical  concentration  throughout  the  flame  on  a 
single  laser  shot.  Here,  the  laser  is  focused  into  a  thin  sheet  of 
radiation  (in  our  experiments  on  OH.  it  was  0.S  mm  thick)  and 
passed  through  the  flame.  Wherever  the  OH  existed  in  the  plane  cut 
by  the  laser  sheet  within  the  flame,  fluorescence  resulted.  This  was 
focused  at  right  angles  onto  the  face  of  a  two-dimensional  vidicon 
tube,  yielding  an  instantaneous  picture  of  the  OH  concentration. 
Such  a  spatial  correlation  of  the  concentration  is  important  in  a 
turbulent  system,  where  the  conditions  at  the  sampling  point  can 
vary  drastically  from  shot  to  shot.  The  sensitivity  for  the  OH  fluores¬ 
cence  imaging  was  very  promising;  using  1.5  mJ  of  laser  energy, 
—2000  counts  were  obtained  per  mm3  of  sample  volume  at  an  OH 


TABLE  I.  Combustion  Intermediate*  Obeerved  by  LIF 

0\  N.  H.  C,  S 
OH* 

CH*.  C2*.  CN*.  CO* 

NH*.  NHj,  NO*,  NOj* 

NCO*.  HCO.  HNO 
Sj*.  SH*.  SO*.  S02* 

CS,  CSj 
CjO,  C3,  CHjO 

_ _ C;H?.  CH,Q.  HCN _ 

*0«no<M  m«t  detection  n««  bmh  p*rforrp«d  m  a  fiama 


concentration  of  700  ppm.  on  a  single  shot  The  %ensit,>u\  Mr  nr' 
species  will  vary  with  their  spectroscopic  characteristics 

2  J.  Spectroscopic  data  needs 

The  particular  needs  for  an  LIF  data  base  car-  with  the  problem 
addressed  by  the  method  In  some  cases  reianseis  crude  xnowiedge 
may  suffice.  For  example,  a  measurement  of  rciause  signal  ntensi- 
ties  for  LIF  in  NH  and  OH  in  a  CHt  \;0  flame  was  anaisred  using 
the  simple  assumption  that  the  quantum  weld  <t>  tor  each  was  the 
same,  given  the  total  lack  of  quenching  experiments  on  NH  ■  The 
surprising  result  that  [NH]  —  0  04(OH]  indicated  a  potentials 
important  chemical  role  for  nitrogen  containing  radical  n  this 
flame;  subsequent  experiments’  have  confirmed  the  high  [NH]  and 
found  targe  amounts  of  CN  and  NCO  as  well 

Similarly,  an  imaging  expenmeni  with  onls  a  semiquantitative 
analysis  may  provide  a  great  deal  of  information  and  snmuius  to 
theorists  approaching  the  problems  of  turbuieru  reactive  flow  wit¬ 
ness  the  theoretical  advances  following  visualizations  ot  turbuleni 
structures  using  Schlieren  methods  At  the  other  extreme  one  mas 
wish  to  fit  to  a  chemical  model  a  detailed  set  ol  profiles  of  several 
radical  species  in  a  laminar  flame  This  may  require  much  more 
information  to  assess  precisely  enough  the  relative  signal  strengths 
from  different  species  over  the  changing  thermal  and  collisional 
environments  encountered  through  the  flame 

The  OH  radical  occupies  a  special  position  among  molecules 
detectable  by  LIF  It  is  a  ubiquitous  and  important  intermediate  m 
nearly  any  flame  involving  oxygen  and  hydrogen  las  well  as  man 
other  networks,  such  as  atmospheric  chemical  processes)  Its  pres¬ 
ence  can  be  used  to  signify  the  occurrence  ot  oxidation  reactions  The 
needed  laser  wavelengths  are  experimentally  very  convenient,  and  its 
spectroscopic  and  collisional  data  base  is  far  better  established  than 
that  of  any  of  the  other  molecules  in  Table  I  It  has  served  as  a  test 
species  on  which  to  try  new  methods  le  g  .  the  imaging)  and  is 
generally  the  first  species  to  search  for  when  study  ing  a  new  flame  or 
probing  a  complex  system.  Despite  the  large  spectroscopic  effort 
devoted  to  OH.  there  remain  some  gaps  in  its  data  base,  the  closing  of 
which  is  warranted  by  the  premier  importance  of  this  radical 

3.  SPECTROSCOPIC  MEASUREMENTS  UNDER 
COLLISION-FREE  CONDITIONS 

3.1.  Production  of  radicals 

The  first  step  in  performing  laser  spectroscopic  experiments  is  to 
obtain  an  adequate  concentration  of  the  molecules  to  be  studied  If  it  is 
a  stable  species,  such  as  CO  or  SO;.  a  sutic  cell  may  simply  be  filled  at 
the  desired  pressure.  Under  some  conditions,  a  sutic  cell  operated  ai 
specific  conditions  of  temperature  and  pressure  can  lead  to  sufficient 
concentration  of  certain  radical  species,  this  method  has  been  used  lor 
OH  and  Sj.  Most  of  the  studies  of  free  radicals,  however  have  been 
made  in  discharge  flow  systems  A  parent  species  is  dissociated  in  a 
microwave  or  radio  frequency  discharge  at  total  pressures  ol  the  order 
of  I  Tort  (generally  the  majority  gas  is  an  inert  earner  such  as  He  or 
Ar).  In  some  cases  the  desired  radical  is  directlv  produced  n  the 
discharge;  N  atoms  may  be  produced  from  V  in  this  wav .  lor  example 
In  many  cases  the  original  radical  reacts  with  another  molecule  to  vie  id 
the  species  of  interest  Thus.  N  atoms  reacting  with  O,  produce 
O  atoms,  and  OH  may  be  produced  Irom  H  -  NO.  These  reactions 
proceed  rapidly  to  completion,  so  they  can  be  used  to  produce  known 
quantities  of  the  radical  through  the  addition  of  measured  amounts  ol 
the  stable  reacunt.  O-  or  NO-  An  attractive  method  lor  the  produc¬ 
tion  of  many  radicals  is  a  discharge  of  CF4  un  a  He  earner  no  produce 
F  atoms;  these  then  strip  H  atoms  from  a  parent  to  produce  radi-uis 
We  have  used  this  method  to  produce  the  NCO  radical  irom  HVO 
vapor,  and  it  has  been  used  tor  the  production  ot  alkoxv  -adisjo 
(CHjO.  CsH50,  etc) 

Lasers  can  also  be  used  for  radical  production  n  vevrrai  wavs 
Single  or  multiphoton  dissociation  through  an  electronicails  excited 
state  of  the  parent  species  lotten  with  an  excimer  aser '  has  been  -sed 
by  several  groups  A  CO,  laser  can  he  used  lor  rr.uitiphoton  1  ntrareu 


OPTICAL  ENGINEERING  Seotemoer  October  '983  voi  22  No  5  s,a' 


CROSLEY.  SMITH 


3995  3990 


3985 


R,  IV2IOV2  20’/a  30V*  40V2 

1  n""T"'rn"rr| . "Tr'  '  '  ”  "  I  '  ‘ 


50’/j 


£n, 


[3/2 

P1  30Vi  20V: 

1/10  . 
1 OV2  V 

35  Vi 

. . i . r-1' 

40'/j 

. 1 

I  WV  it  ~ w  <  * 


y 


20'/s 

'  I  1  r 


3980 


*1  A/  'AJu 

3975  3970 

WAVELENGTH  (ANGSTROMS) 


Rfl.  2.  A  portion  of  an  UP  ucttatkMi  scan  taf  t>M  A}X*  f001)-X*nl  10001  bandof  NCO.  Fluoroocdncd  w«»  moeutorod  «431  r  4  nm.  in 


dissociation  of  the  patent  to  low-lying  fragment  states,  or  as  a  thermal 
gas  heating  source  for  dissociation.  We  have  developed  a  laser  pyroly¬ 
sis/  laser  fluorescence  method*  using  a  pulsed  CO*  laser  to  heat  a  gas 
sample.  Here  the  infrared  radiation  is  absorbed  by  SF4,  and  collisional 
energy  transfer  rapidly  heats  the  system  to  a  temperature  chosen  by  the 
laser  pulse  energy  and  SF,  pressure.  Our  experiments  have  used  the 
radical  precursor  H:02.  this  pyrolyzcs  to  form  OH  radicals  whose  L1F 
is  then  detected  with  a  dye  laser  timed  to  Are  after  the  C02  laser.  So  far. 
only  OH.  N  H2.  and  Fe  atoms  have  been  produced  in  this  way  although 
there  are  other  possible  candidate  precursors  and  radicals. 

The  initial  flow  tube  experiments  are  generally  performed  at  low 
pressure  and  room  temperature.  This  often  yields  larger  signals  than  m 
a  flame  for  two  reasons:  collisions  do  not  reduce  the  quantum  yield, 
and  the  population  is  distributed  over  a  smaller  number  of  internal 
levels  than  at  high  temperature.  Using  a  flame  as  a  radical  source  for 
initial  search  experiments  also  suffers  from  the  disadvantages  of  more 
complex  chemistry  leading  to  interfering  species,  and  the  possible 
confinement  of  the  species  of  interest  to  a  very  narrow  spatial  zone. 
Each  of  the  molecules  in  Table  1  whose  L1F  has  been  observed  in 
flames  was  first  detected  by  L1F  in  a  low  pressure  system. 

3.2.  Excitation  scan  studies 

The  next  order  of  business  after  radical  production  is  a  search  for  the 
excitation  scan  of  the  molecule;  that  is.  find  the  LIF  signal.  Again,  all 
the  molecules  detectable  with  LIF  have  a  common  feature:  such  a 
search  has  used  as  a  guide  emission  or  absorption  spectra  previously 
obtained  using  conventional  (nonlaser)  methods.  In  many  cases 
those  measurements  were  made  in  flames,  the  medium  in  which  the 
emission  spectra  of  many  radicals  were  first  observed.  Discharge 
emission  spectra  and  the  flash  photolysis  absorption  studies  of  the 
1 950s  and  1960s  are  a  rich  source  of  such  data  as  well.  Such  starting 
points  are  most  valuable,  for  an  undirected  search  for  sharp  lines 
*itn  a  bandwidth  of  the  same  size  as  the  laser  bandwidth  would  be 


very  time-consuming. 

Figure  2  exhibits  an  excitation  scan  for  the  NC 
the  excitation  is  from  the  000  level*  of  the  ground  X' 
level  of  the  excited  A22T"  state.  The  energy  levels  inv 
Fig.  3.  The  ground -state  level  is  split  into  two  compo 
98  cm-1  by  a  spin-orbit  interaction/  and  the  excita 
the  resulting  2n,  2  and  2n3  2  sublevels  can  be  seen 
component  has  associated  with  nan  R(  AJ  =J'  — J' 
and  P  ( AJ  =  —  I)  branch  (as  well  as  smaller  O  and  Sf 
AN  =  ±  2).  as  marked  on  the  figure.  The  assignme 
followed  from  a  detailed  rotational  analysis  of  absoi 
flash  photolysis  experiment.1  Excitation  scans  sim 
also  been  performed  pumping  five  other  vibrational 
state,  as  well  as  two  vibrational  levels  of  the  BJn,  s 

The  relative  intensity  of  each  line  within  the  ba 
product  of  the  line  strength  factor  Sj.j.  and  the  frai 
N,  in  the  absorbing  level.  In  this  case  the  line  strer 
calculated  from  knowledge  of  the  angular  moment 
interactions  among  them  (in  this  case,  spin-orbit),  f 
have  been  assigned,  the  relative  intensities  may  be 
rotational  population  distribution  from  which  cai 
temperature  from  a  plot  of  ln(N,,  O,)  versus  E,  [Eq. 
is  not  at  thermal  equilibrium  so  that  a  temperature  i 
the  population  distnbution  itself  is  of  direct  interes 

Clearly,  obtaining  the  total  concentration  from 
given  line  requires  knowledge  of  the  temperature 
fractional  population  in  the  absorbing  level  [see  Eq. 


•Thu  notation  iignine*  me  three  ••oration*  *  *.*,  ol  this  linear  tn 
*,  are  itretcnea.  and  ..  s  a  twoiotd  degenerate  Bend 

*  Level!  tattn  * .  >  'I  have  a  more  complex  tplittin|  pattern  due  to 
momentum  ol  'he  Jepenerate  Bend  -rich  nteracti  *itn  tne  eit 
momentum,  and  :he  Renner*Teiler  .putting  ol  ‘he  potential  tor 
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Fig.  3.  Energy-level  diagram  lor  NCO  showing  tha  known  aiaetronlc 
state*  and  tharmodynamic  dissociation  limits. 


profiles  are  taken  throughout  a  flame,  it  is  often  useful  to  choose  a  level 
for  monitoring  whose  fractional  population  varies  little  over  the 
temperatures  of  interest,  that  is,  some  J'  for  which  dNa/  3T  is  small. 

Much  larger  signal  is  obtained  near  the  bandhead,  where  many  lines 
pile  up  together  so  that  the  laser  line  overlaps  the  absorption  from 
many  levels  at  once  (see  Fig.  2).  Excitation  in  a  bandhead  region  may 
be  quite  useful,  especially  for  low  densities  of  the  molecule  studied, 
although  analyzing  the  overlap  to  obtain  the  effective  fractional  popu¬ 
lation  monitored  may  present  problems  for  accurate  measurements. 

3  J.  Lifetime  measurement* 

The  excited  molecule  radiates  at  a  characteristic  rate  k  =  I  /  r.  This  is 
directly  related  to  the  Einstein  B-and  A -coefficients  [Eq.  (3)],  and  its 
measurement  serves  as  a  useful  way  to  determine  absorption  and 
emission  strengths  for  the  transition.  For  radical  species  it  is  often 
difficult  to  obtain  a  high  enough  concentration  to  perform  precise 
absorption  measurements;  even  when  one  can  do  so,  accurate  knowl¬ 
edge  of  the  absolute  concentration  often  presents  problems.  (To 
determine  the  strength  of  a  given  band,  one  must  combine  the 
lifetime  measurements  with  determinations  of  relative  Pv-v-,  as  dis¬ 
cussed  in  the  next  section.) 

For  lifetimes  longer  than  the  pulse  length  of  the  laser,  LIF  fur¬ 
nishes  a  good  method  of  measurement.  Figure  4  shows  the  decay  of 
fluorescence  from  the  v'  =  1  level  of  the  A^n,  state  of  the  NH  radical 
under  collision-free  conditions.’  Here  a  narrow  electronic  gate  has 
been  triggered  initially  just  before  the  laser  pulse,  and  its  delay  is 
scanned  through  the  excitation  (rising  portion  of  the  signal)  and 
through  the  exponential  decay.  The  data,  fit  to  the  exponential, 
furnish  the  lifetime.  In  the  section  on  collisions,  we  will  discuss 
quenching  measurements  made  in  this  way  at  varying  pressure  of 
collision  partner. 

Lifetime  measurements  can  furnish  other  information  as  well.  In 
the  case  of  NCO,  the  two  different  electronic  states  have  very  differ¬ 
ent  radiative  lifetimes:  r(A2I+)  =410  ns;  r(B2rty  =  63  ns.  The  latter 
value  was  measured  for  the  000  level  of  the  B-state.  If  one  moves 
upward  to  the  100  level,  only  —  1000  cm-1  higher,  the  decay  is 
indistinguishable  from  the  laser  pulse  time  dependence.  Thus,  the 
lifetime  of  this  higher  level  is  <  10  ns.  The  marked  decrease  between 
these  two  vibrational  levels  is  likely  caused  by  the  onset  of  a  predisso¬ 
ciation  to  the  N(2D)  +  COIX1!"")  limit  (see  Fig.  3).  These  lifetime 


Fig.  4.  Fluor* scene*  decay  of  NH  A1^.  v’  =  1 .  excited  on  the  Q,2  line  in 
the  (1.0)  bend  at  306  nm  and  observed  in  the  (1.1)  band  at  336  ±  20  nm. 
at  coilisionless  pressures  The  lower,  logarithmic  plot  of  the  date  gives  a 
radiative  lifetime  of  440  ns. 


measurements  thus  place  this  dissociation  limit  between  these  levels. 
0.46  eV  lower  than  determined  in  an  earlier  study  of  the  photodisso¬ 
ciation  of  HNCO.  This  new  determination  of  the  dissociation  limit10 
has  as  a  consequence  a  higher  heat  of  formation  of  both  NCO  and 
HNCO  compared  to  the  previously  accepted  values.  The  differences, 
nearly  10  kcal  mol,  have  implications  concerning  the  role  of  the 
NCO  radical  in  flame  chemistry. 

3.4.  Fluorescence  scans 

A  schematic  indication  of  a  fluorescence  scan  is  given  in  Fig.  5.  Here 
the  laser  is  parked  on  one  excitation.  The  level  pumped  radiates  to 
some  set  of  ground-state  levels,  for  example,  a  senes  of  vibrational 
levels.  A  monochromator  is  scanned  to  measure  these  transitions  as  a 
function  of  fluorescence  wavelength.  U nder  conditions  where  energy- 
transfer  collisions  occur  before  the  molecule  radiates,  other  levels  are 
populated  and  can  be  discerned  by  such  a  scan;  this  phenomenon  will 
be  discussed  in  “vec.  4. 

From  each  -  easured  separation  of  a  fluorescence  wavelength 
from  that  of  the  pumping  laser,  one  can  obtain  the  separation  in 
energy  of  a  terminal  v*  level  for  the  fluorescence  from  the  energy  of 
the  initial  absorbing  level.  Figure  6  shows  a  fluorescence  scan’  result¬ 
ing  from  pumping  the  000  level  of  the  B2n,  state  of  NCO.  The  laser 
line  is  off  the  chart  to  the  left  (at  315  nm).  As  the  monochromator 
scans  to  longer  wavelengths,  one  detects  fluorescence  returning  to 
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higher  v'  vibrational  levels  of  the  X1!^  sate.  The  more  intense  bands 
seen  have  one  or  more  stretching  vibrational  quants  and  v  J  =  0;  they 
are  marked  on  the  figure.  Some  weaker  transitions  (unmarked) 
involve  vj  =  2  and  4.  From  a  scan  such  as  this  ( which  extends  further 
than  is  shown  in  the  figure)  one  obtains  the  energies  of  the  vibrational 
levels  in  ground -state  NCO.  which  can  be  fit  to  a  collection  of 
harmonic  and  anharmonic  vibrational  constants.  Previous  informa¬ 
tion  on  NCO  gas-phase  spectroscopy  came  from  absorption  studies 
which  probed  only  the  000  and  010  levels  in  the  ground  state,  so  that 
these  results  represent  the  Tint  determination  of  these  constants  in 
the  gas  phase.  The  results  may  be  used  to  understand  the  structure  of 
the  NCO  molecule  and  to  calculate  its  thermodynamic  and  thermo- 
chemical  kinetic  propenies.  From  the  standpoint  of  diagnostic  mea¬ 
surements.  knowledge  of  the  wavelengths  of  the  fluorescent  transitions 
is  needed  in  order  to  choose  a  suitable  spectral  region  for  detection. 

Measurements  of  the  intensities  of  the  senes  of  bands  are  also 
clearly  important  for  the  choice  of  an  observation  wavelength  so  as 
to  maximize  the  available  signal  and  or  avoid  interferences.  They 
are  also  needed  for  quantitative  measurements  of  concentrations 
using  LIF.  We  shall  consider  for  simplicity  a  diatomic  molecule  with 
only  one  vibration  although  the  concepts  are  applicable  to  larger 
species,  such  as  NCO.  For  a  particular  v'v*  band,  the  relative  inten¬ 
sity  of  fluorescence  Pvv-  is  given  by  the  integral 

PvV  3  l/ d*v<r)  Re  ( r)  d»v-< r)<Jr , :  18) 

over  the  two  vibrational  wave  functions  <u  and  the  electronic  transi¬ 
tion  moment  Re.  all  expressed  as  functions  of  the  intemuclear  dis¬ 
tance  r.  Re(r)  expresses  the  probability  of  the  molecule  making  the 


electronic  transition  as  a  function  of  intemuclear  distance.  If  it  is 
constant.  Eq.  (8)  reduces  to 

PvV  =  R,:  I /*v'*v-dr  I  2  =  ReVv*  .  (9) 

where  q^y-  is  simply  the  vibrational  overlap  integral,  or  Franck- 
Condon  factor.  For  small  species  that  have  been  well  characterized 
spectroscopically,  qy.y-  is  often  calculable  using  potential  curves  for  the 
pertinent  electronic  states  constructed  from  the  spectroscopic  con¬ 
stants.  If  R^  varies  with  r.  however,  the  relative  PvV-  must  be  obtained 
from  experimental  intensity  measurements.  For  larger  molecules,  one 
is  generally  better  off  using  directly  the  empirical  determinations  of  the 
Pvv- 

An  important  example  is  the  OH  molecule,  whose  relative  and 
absolute  transition  probabilities  are  reviewed  in  Ref.  1 1 .  For  example, 
fluorescence  scans12  of  theO.O  and  0.1  bands  show  that  P0I,  Pgg— 0.004 
even  though  qoiidoo  =  0-09.  The  reason  is  that  R^  decreases  with 
increasing  r.  and  the  0. 1  band  transition  occurs  at  larger  average  values 
of  r  (1.22  A)  than  does  the  0.0  band  (1.01  A).  A  fit  of  the  observed 
inteasuies  for  nine  bands  in  each  of  OH'2  and  OD,12  using  calculated 
values  of  qy.y*.  showed  that  R^r)  could  be  fit  to  a  linear  form. 

R,(r)  =  c(l  -  pr)  .  (10) 

with  0  =  0.75  A-1. 

Transition  probabilities  in  OH  are  unusual  in  another  respect. 
The  variation  of  R^r)  coupled  with  the  high  degree  of  centrifugal 
distortion  present  causes  a  significant  variation  in  P  with  J.  That  is. 
the  P  values  of  Eqs.  (3).  (5).  and  (8)  should  be  properly  expressed  as 

Pw-jj*  =  l/«*v;4r)Re(r)(4iv-jHr)dr|2  .  (II) 

with  the  radial  variation  of  the  rotational  wavefunction  included. 
The  form  of  Rj(r)  determined  from  the  UF  fluorescence  scans,  given 
in  Eq.  ( 10).  has  been  combined  with  accurate  wave  functions  ikyjlr) 
from  RKR  potentials  to  calculate  Pvv-  j-j-  for  all  bands  of  the  OH 
A:S*-X:rij  system  which  are  of  diagnostic  interest.14 

No  other  molecule  is  as  well  characterized  as  OH.  and  even  where 
numerous  studies  exist  for  others,  there  can  remain  uncertainty  in  the 
results.  An  example  is  the  C-  molecule.  A  table  of  previously  mea¬ 
sured  lifetime  values  of  the  Ajn,  state  (upper  level  of  the  Swan 
bands)  was  given  in  the  paper12  describing  the  first  application  of 
optically  saturated  LIF  In  combustion,  because  this  value  was  needed 
to  analyze  the  experimental  data.  A  variation  of  more  than  a  factor 
of  seven,  over  17  different  measurements,  can  be  seen. 


4.  COLLISIONAL  EFFECTS 

As  noted  earlier,  the  collisions  which  the  molecule  suffers  while  excited 
can  have  a  profound  influence  on  both  the  magnitude  and  spectral 
form  of  UF  signals.  The  collisions  may  be  of  a  quenching  nature, 
reduemgthe  overall  quantum  yield  ♦(Eqs.  ibtandi’)].  Collisions  can 
also  cause  energy  transfer  to  other  v'.  y  levels  of  the  excited  state  These 
coilisionally  transferred  molecules  will  then  fluoresce  at  different  wase- 
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lengths  and  with  different  intensities  compared  to  the  originally  pumped 
level.  Thus,  the  effective  quantum  yield  into  the  detector  bandpass  can 
be  affected,  particularly  if  it  is  narrow. 

The  subject  of  collisions!  effects  on  L1F  measurements  in  flames 
has  been  reviewed  with  coverage  of  the  literature  through  early  1981, 
and  we  refer  the  reader  to  that  article2  for  a  comprehensive  discussion. 
Emphasized  here  are  the  fundamental  methods  used  to  study  colli¬ 
sions!  effects,  and  studies  performed  since  the  appearance  of  Ref.  2. 


4.1.  Quenching 

Quenching  rate  constants  kg  for  individual  collision  partners  are 
generally  obtained  from  lifetime  measurements.  The  time  depen¬ 
dence  of  the  excited-state  population  is  given  by 


Ne(t)  =  Ne(t  =  OlexpHkj.  +  kgn)t]  .  (12) 

where  Ne(t  =  0)  is  the  population  initially  created  by  the  laser  pulse, 
and  n  is  the  density  of  the  added  collision  partner.  A  plot  of  the  total 
decay  rate  versus  pressure  of  added  O,  and  N2  for  the  100  level  of  the 
A22/  state  of  NCO  is  shown  in  Fig.  7;  from  the  slopes  we  obtained 
kg  for  these  gases.7  In  such  experiments  it  is  essential  to  measure  all 
ofthe  excited-state  fluorescence.  Suppose,  for  example,  a  v'=  1  level 
is  pumped  by  the  laser  and  the  choice  of  fluorescence  wavelengths  is 
such  that  only  emission  from  that  level  is  detected.  Then  any  colli- 
sional  transfer  to  v' = 0  will  appear  as  quenching,  and  the  slope  of  the 
plot  will  not  give  the  true  value  of  kg. 

Lifetime  measurements  may  be  used  only  under  conditions  in 
which  the  decay  time  is  longer  than  the  laser  pulse  length,  typically  10 
ns  for  the  lasers  used  in  these  experiments.  At  a  high  enough  pres¬ 
sure,  the  total  decay  time  becomes  shorter  than  this,  and  the  popula¬ 
tion  N(t)  will  reflect  only  the  time  dependence  of  the  laser  pulse.  For 
some  molecules  It,  is  already  too  fast,  precluding  quenching  determi¬ 
nations  from  lifetimes.  Under  conditions  where  the  number  density 
of  the  molecules  pumped  by  the  laser  can  be  controlled,  fluorescence 
intensity  measurements  can  yield  quenching  rates.  An  example  is 
CO,1*  pumped  by  two  photons  at  289  nm  to  the  v'  =  3  level  of  the  A 1  II 
state,  which  has  a  lifetime  of  1 0  ns.  The  total  fluorescence  intensity  F, 
integrated  over  laser  pulse  and  decay  time,  is  compared  for  a  given 
CO  density,  with  (F)  and  without  (F0)  an  added  gas  at  density  n: 


Ftg.  7.  Plots  of  the  fluorascanca  decay  rats  for  NCO  A2Z*  obsarvod  on 
tlia  Av  *  0  bands  after  excitation  of  tha  001  level  as  s  function  of  added 
pressure  of  oxygen  and  nitrogen.  Linos  give  tha  least-squares  quenching 
rate  constants. 


F°  -  *r  +  *QC<>"co  +  fcQ" 

F  kr  +  ktTnco 

A  plot  of  this  ratio  for  N2  as  the  collision  partner  is  given  in  Fig.  8; 
runs  at  three  separate  nco  values,  normalized  for  comparison,  are 
shown.  Both  k,.  and  kgco  must  be  separately  measured  to  determine 
kg  for  N2. 

Of  the  molecules  in  Table  1,  kg  is  known  for  a  variety  of  collision 
partners  only  for  OH.  Even  here,  all  the  previous  direct  measure¬ 
ments  have  been  made  at  room  temperature,  where  the  flow  systems 
used  for  the  radical  production  operate  most  easily.  Extensions  of 
these  rate  constants  to  flame  conditions  have  been  made  by  assuming 
that  the  cross  section  og  is  constant,  so  that  the  only  temperature 
variation  in  kg  is  T1  Mrom  the  velocity  dependence.  However, 
experiments  on  state-to-state  energy  transfer  in  A2!''  OH17  suggest 
that  attractive  forces  play  a  role  in  its  collisional  phenomena.  If  this  is 
the  case,  one  expects  that  eg  will  decrease  with  increasing  tempera¬ 
ture,11  so  that  kg  will  increase  less  rapidly  than  T1  2. 

Using  our  laser  pyrolysis/  laser  fluorescence  apparatus.*  we  have 
made  measurements  of  kg  for  OH  at  temperatures  in  the  1100  to 
1400  K  region  for  a  variety  of  collision  partners.1’  The  pulsed  CO: 
laser  radiation  is  absorpbed  by  SF6,  heating  the  gas  mixture  and 
pyrolyzing  H202  to  OH  radicals;  these  are  pumped  by  the  dye  laser  to 
v'  =  0  of  the  A-state  at  a  fixed  time  delay  after  the  C02  pulse. 
Measurements  of  the  fluorescence  lifetime  for  ten  different  collision 
partners  of  importance  in  flames  have  been  made  and  show  in  general 
that  the  cross  section  is  indeed  smaller  than  at  room  temperature.  In 
particular,  kg  for  N2  is  anomalously  small,  with  a  value  of  I.2X  10~n 
cm2  •  s-1.  This  is  much  lower  than  previously  assumed  at  flame 


temperatures  and  has  important  implications  for  LIF  signal  strengths 
in  air-based  flames. 

The  results  for  the  other  collisional  partners  have  been  exam¬ 
ined"  in  the  context  of  theoretical  approaches  which  express  oq  in 
terms  of  attractive  well  depths  between  the  excited  OH  and  its 
collision  partner,"  and  a  combination  of  multipole  interactions.20 
The  trends  in  og  with  the  characteristics  of  the  collision  partner 
confirm  the  conclusion  from  the  temperature  comparison  that 
attractive  forces  are  important  in  the  quenching  process.  Further 
examination  of  OH  and  other  excited  radicals  will  be  important  not 
only  for  LIF  diagnostic  development  but  also  to  establish  a  funda¬ 
mental  understanding  of  collisional  mechanisms. 

Results  for  kg  for  a  variety  of  gases,  both  directly  measured  and 
estimated  from  these  correlations,  have  been  combined  with  profiles 
of  major  species  (the  predominant  quenchers)  published  for  a  number 
of  low  pressure  flames.  The  results21  indicate  little  variation  in  the 
total  quenching  rate  Q  through  the  flame.  This  is  in  agreement  with 
direct  determinations  of  Q  by  lifetime  measurements  in  low  pressure 
flames  for  both  OH22  and  CH.25  which  show  a  relatively  constant 
value  (within  20%)  through  the  flame  fronts. 

4.2.  Energy  transfer 

Collisions  may  also  transfer  the  excited  molecule  among  v'J'  levels  of 
the  upper  state.  This  phenomenon  is  studied  by  making  fluorescence 
scans  at  controlled  pressures  of  added  gas.  An  example24  for  S2  is 
shown  in  Fig.  9.  Here  changes  in  the  fluorescence  spectrum*  from  the 

•The  actual  scan  from  which  this  figure  was  made  employed  as  an  excitation  source  a  Zn 
atomic  lamp,  one  ot  whose  lines  coincidentally  overlapped  an  S;  line,  but  the  experi¬ 
ment  could  be  performed  (actually  more  easily)  using  laser  e  ation. 
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BJSy*  state,  upon  addition  of  successively  higher  pressures  of  A r. 
are  seen.  First  rotational  transfer  occurs  within  the  initially  pumped 
V  =  4  level,  and  then  the  molecule  undergoes  vibrational  relaxation 
with  the  population  piling  up  largely  in  V  a*  0  and  I . 

The  degree  to  which  such  thcrmalization  within  the  excited  state 
occurs  depends  on  the  relative  rates  of  quenching  Q  and  rotational 
(R)  or  vibrational  (V)  energy  transfer.  If  Q  «  R.  V,  the  molecule 
will  relax  before  being  quenched.  However,  if  Q  »  R.  V,  then  the 
single  level  pumped  by  the  laser  will  not  be  transferred  before  being 
quenched  from  the  excited  state.  The  resulting  upper-state  popula¬ 
tion  distribution  will  be  highly  peaked  and  nonthcrmal,  a  situation 
that  has  been  termed  arrested  relaxation,  or  frozen  excitation.  Stud¬ 
ies  made  in  flames  indicate  an  intermediate  situation,  so  that  partial 
relaxation  occurs.  Fluorescence  scans  have  been  made  after  pumping 
several  levels  in  OH.  which  show  rotational11-23  and  vibrational 
relaxation.2*  and  both  effects  were  seen  for  a  single  level  pump  in 
CN.3  The  results  on  0  H  exhibit  distinct  state-dependent  features 11 
that  is.  both  the  rate  and  magnitude  of  the  transfer  are  dependent  on 
the  initial  level  pumped.  These  effects  must  be  accounted  for  to 
obtain  quantitative  determinations  of  temperatures  and  concentra¬ 
tions  from  LIF  measurements. 23  Thus,  knowledge  of  state-to-state 
transfer  propensities  is  needed  for  LIF  diagnostic  development, 
especially  for  the  important  OH  molecule. 

Such  experiments  are  performed  much  in  the  manner  illustrated 
in  Fig.  9.  using  the  spectral  resolution  necessary  to  distinguish  rota¬ 
tional  and  or  vibrational  levels,  depending  on  which  phenomenon  is 
to  be  studied.  Except  at  the  lowest  pressures,  multiple  collisions  can 
occur  (as  evident  in  Fig.  9),  and  these  effects  must  be  incorporated 
into  the  data  analysis  to  obtain  true  state-specific  rates.  In  general,  it 
is  found  that  multiple-quantum  ( |  ^v  I  or|  ill  >ltjumps  can  occur 
on  single  collisions  although  the  probability  fails  off  with  increasing 
separation  of  the  initial  and  final  levels. 

4J.  Polarization  phenomena 

Most  laser  radiation  is  linearly  polarized:  that  is,  us  electric  sector 
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rotational  energy  transfer  first  populates  other  J'  levels  inv'  =  4.  broaden¬ 
ing  the  bands.  At  higher  pressures,  vibrational  energy  transfer  populates 
other  v'  levels.  Other  bands  with  lower  v'  appear  as  those  with  v'  -  4 
i  in  intensity. 


has  a  particular  relationship  to  laboratory-fixed  axes.  This  electric 
field  interacts  with  the  transition  dipole  moment  in  the  molecule, 
which  in  turn  bears  a  fixed  relationship  to  the  internal  moiecuiar 
axes.  The  result  is  that  the  excited-state  molecule  has  a  definite 
orientation  in  space  {described  quantum  mechanically  by  a  particu¬ 
lar  distribution  over  over  mj  magnetic  sublevels),  and  the  fluorescent 
emission  from  the  isolated  molecule  will  have  an  anisotropic  spatial 
distribution.  This  is  manifested  as  a  polarization  of  the  fluorescence 
which  varies  with  viewing  direction.  For  a  simple  dipole  oscillator 
this  anisotropy  is  total:  that  is.  no  light  is  emitted  in  the  direction  of 
the  original  laser  electric  field.  In  the  case  of  a  molecule,  the  rotation 
reduces  the  degree  of  polarization.  However,  because  the  rotationai 
angular  momentum,  which  is  a  constant  of  the  motion,  bears  a 
definite  relationship  to  the  molecular  axes,  a  significant  degree  of 
polarization  can  remain. 

If.  as  in  a  flame,  collisions  lake  place  before  the  molecule  emits, 
the  degree  of  polarization  will  be  reduced  still  further  Collisions 
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causing  vibrational  and  rotational  transfer  can  at  the  same  time 
scramble  the  orientation;  in  addition,  elastic  depolarizing  collisions 
(at  a  rate  D)  can  alter  the  orientation  of  the  molecule  in  space  while 
leaving  it  in  the  initially  pumped  level.  The  degree  of  resulting 
polarization  of  light  emitted  by  the  pumped  level  is  then  governed  by 
the  ratio  D/  (Q  +  V  +  R),  while  that  of  light  emitted  by  collisionally 
populated  levels  is  dependent  on  the  amount  of  disorientation  that 
occurs  during  such  a  process. 

The  first  direct  evidence  of  polarization  of  L1F  in  flames  was 
obtained  by  the  observation  of  apparent  differences  in  rotational  line 
strengths  in  OH,2'  in  qualitative  accord  with  earlier  calculated  pre¬ 
dictions.2*  We  have  made  measurements  of  the  degree  of  polarization 
of  OH  LIF  in  the  burnt  gases  of  a  series  of  methane  /  oxygen  flames  in 
Nj,  Ar,  or  He  diluent.14  Surprisingly,  the  degree  of  polarization  is 
very  high,  nearly  that  which  would  be  found  for  a  collision-free  case; 
this  indicates  that  D  «  Q  +  R  +  V.  Even  more  surprising  is  the  fact 
that  the  polarization  of  the  fluorescence  emitted  by  nearby  levels 
populated  by  rotational  energy  transfer  is  also  quite  high;  that  is. 
such  collisionsalter  the  magnitude  of  the  rotational  angular  momen¬ 
tum  without  randomizing  its  direction  in  space.  Vibrational  transfer 
collisions,  on  the  other  hand,  scramble  the  orientation,  in  accord 
with  a  picture  of  attractive  forces  and  long-lived  collisions  as  the 
responsible  factors.  Polarization  has  also  now  been  observed  in  OH 
with  LIF  under  optical  saturation  conditions.11 

Calculations2*14  indicate  that  these  effects  are  most  pronounced 
when  the  fluorescence  is  rotationally  resolved.  Since  P-  and  R- 
branches  exhibit  polarization  opposite  to  that  of  the  Q-branches,  a 
sum  over  the  entire  band  reduces  these  effects  to  a  few  percent. 

5.  CONCLUSIONS 

In  this  paper  we  have  attempted  to  provide  a  feel  for  the  necessary 
experiments  that  make  up  the  spectroscopic  and  collisional  data  base 
needed  for  quantitative  detection  of  reaction  intermediates  in  flames 
using  LIF.  Such  research  is  being  performed  in  our  laboratory  and 
elsewhere,  and  we  reemphasize  that  this  is  not  intended  as  a  compre¬ 
hensive  review.  This  data  base  continues  to  grow,  especially  for  OH 
and  to  a  lesser  degree  for  the  other  species  listed  in  Table  I.  As  noted 
earlier,  it  is  important  that  the  needs  of  the  user  community  and  the 
capabilities  of  the  basic  spectroscopic  researchers  be  mutually  com¬ 
municated,  so  as  to  direct  future  efforts  in  this  area  as  fruitfully  as 
possible. 
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ABSTRACT 


The  current  status  of  quantitative  understanding  of  reaction  rate 

constant  data  for  use  in  combustion  mdeling  is  discussed.  It  is  pointed 

out  that  simple  bimolecular  and  unimolecular  reactions  can  be  tabulated  as 

functions  of  various  physically  meaningful  parameters  over  wide  ranges  of 

temperature  and  pressure.  We  also  discuss  the  more  complicated  problems  of 

complex  surfaces  and  their  manifestations.  A  major  emphasis  is  on  the 

underlying  framework  for  critical  evaluation  of  rate  data. 

We  point  out  that  currently  used  values  for  2CH3  +  C2H5  +  H  are 

incorrect  and  that  the  temperature  dependence  of  the  branching  ratio 
^^NH  +  NO 

H  +  can  be  understood  as  consequence  of  angular  momentum 

^-^0H  +  N2 
conservation. 
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INTRODUCTION 


Computer-based  modeling  of  chemical  reaction  systems  is  becoming  very 
common.^-  The  computational  frontiers  are  constantly  being  pushed  ahead  and 
greater  numbers  of  scientists  have  taken  advantage  of  standard  codes  that 
have  been  developed. 

Many  modelers  and  compilers  of  combustion  kinetic  data  have  developed 
the  habit  of  abstracting  the  literature  for  the  necessary  model  inputs 
without  critical  analysis.  Unfortunately,  given  the  great  difficulty  of 
performing  and  understanding  experiments,  values  that  are  both  suspect  on 
physical  grounds  and  internally  Inconsistent  often  find  their  way  into  the 
data  base. 

As  these  chemical  models  are  adapted  for  larger  systems,  the  need 
increases  for  an  internally  consistent  method  for  critical  evaluation  of 
the  rate  constants  that  make  up  a  given  model,  as  well  as  for  intercompar¬ 
ison  of  models.  Rate  constants  must  be  correct  not  only  in  absolute 
magnitude  at  a  given  temperature,  but  also  with  respect  to  their  temper¬ 
ature,  pressure,  and  environmental  (i.e.,  nature  of  the  colliding  partners) 
variations.  Furthermore,  since  complex  chemical  mechanisms  invariably 
contain  competing  steps  and  the  branching  ratios  evolving  from  these  com¬ 
petitions  may  carry  the  mechanism  in  distinctly  different  directions,  it  is 
crucial  to  have  a  consistent  treatment  of  competing  pathways. 

This  paper  reviews  the  guidelines  already  well  established^  for  a 
framework  in  which  to  evaluate  rate  data.  We  will  also  discuss  those  areas 


where  this  framework  needs  further  substantiation.  In  addition,  we  will 
present  some  development  of  the  treatment  of  that  increasingly  ubiquitous 
class  of  reactions  that  appear  to  proceed  via  a  bound  intermediate. 

It  is  our  hope  to  enable  modelers  to  have  the  courage,  based  on  know¬ 
ledge,  to  extend  individual  rate  parameters  for  elementary  chemical  reac¬ 
tions  and  chemical  mechanisms  beyond  the  range  of  current  measurement. 
Indeed,  this  is  a  modeling  requirement  since  most  of  the  kinetic  laboratory 
studies  are  performed  at  temperatures  less  than  1000  K  and  most  of  the 
flame  temperatures  of  interest  are  between  1200  and  2000  K. 


GROUND  RULES 


Framework 

The  model  for  elementary  reactions  based  on  the  transition  state 
theory  (TST)  Is  discussed  in  most  text  books.  The  entirety  of  chemical 
reactions  is  limited  to  two  basic  classes:  (1)  Simple  bimolecular  reac¬ 
tions,  such  as  described  by  the  potential  surface  in  Fig.  1(a),  and  (2) 
simple  unlmolecular  reactions,  such  as  described  by  the  potential  surface 
in  Fig.  1(b). 

The  barrier,  denoted  by  E,  could  be  as  small  as  zero,  and  often  is. 
Reactions  that  follow  pathways  such  as  depicted  in  Fig.  1(b)  are  pressure 
and  temperature  dependent,  and  depend  on  the  nature  of  the  colliding  part¬ 
ners,  whereas  those  that  follow  potentials  of  the  type  in  Fig.  1(a)  are 
only  temperature  dependent.  According  to  the  principle  of  detailed  balanc 
ing,  bimolecular  processes  that  are  the  reverse  of  a  unlmolecular  decompo¬ 
sition  are  subject  to  exactly  the  same  pressure  and  partner  dependence. 

The  complex  surfaces  (Figs.  1(c),  1(d),  and  1(e))  are  combinations  of  the 
simple  surfaces  and  are  discussed  later  in  this  paper. 


Simple  Bimolecular  Reactions 

In  TST  the  thermal  (canonical)  rate  constant  is  expressed  in  terms  of 
a  single  parameter,  AG^,  ,  the  free  energy  difference  between  transition 
state  and  reactants  at  the  temperature  T: 


k 


k  T 

V 

"FT 


exp  (  -  AG^  /RT) 


(1) 


Choice  of  units  for  k  implies  choice  of  standard  state  for  AGT.  A G^,  is  a 

function  of  temperature.  This,  along  with  the  explicit  first  power  of  T  in 
the  transition  state  formula,  implies  that  over  any  reasonable  temperature 
range  the  rate  constant  should  be  described  by  at  least  three  parameters: 

k  -  AT8  exp(-C/T).  (2) 

It  is  clear  that  these  parameters  may  be  understood  in  terms  of  molec¬ 
ular  models  for  reactant  and  transition  state  and  the  nature  of  breaking 
and  forming  bonds;  thus,  the  parameters  are  subject  to  evaluative  criteria 
beyond  the  bounds  of  any  particular  experiment.  Furthermore,  physically 
reasonable  parameters  should  enable  rate  constants  to  be  extrapolated 
beyond  the  measured  temperature  range. 

The  parameters  most  easily  subject  to  evaluative  criteria  are  A  and  B 

which  are  related  to  AS*1  and  AC*  and  thus  to  reactant  and  transition  state 

P 

structure.  The  parameter  C,  related  to  AH*,  requires  potential  surface 
information,  but  can  often  be  judged  based  on  comparison  of  similar  reactions. 

As  has  been  stated  many  times  previously.  As*  ab  initio  evaluation 
requires  potential  surface  information,  but  limiting  ranges  can  be  deduced 
by  chemical  common  sense,  and  comparison  of  homologous  series  forces  a 
certain  order. 

As  an  example,  consider  the  reaction: 

0(3P)  +  CH4  -*■  OH  +  CH3  (3) 

This  process  has  been  well  studied3  up  to  ~  2000  K  from  ~  300  K. 

(Caution  should  be  exercised  concerning  results  from  the  low  temperature 
experiments,  since  very  small  amounts  of  higher  hydrocarbon  impurities 


would  consume  significant  quantities  of  O-atoms.)  This  process  has  also 


been  the  subject  of  analysis  by  transition  state  theory28*3  and  the 
agreement  on  rate  constant  parameters  is  universal: 

[k/<cm3  mole-1  s-1)]  *  107,07  T2*08  exp(-  3840/T)  (4) 

On  an  Arrhenius  plot  (in  k  vs  T-1),  this  expression  produces  a  strongly 
curved  line  that  yields  values  of  k  at  2000  K  that  are  a  factor  of  ten 
higher  than  would  have  been  predicted  by  extrapolation  of  a  straight  line, 
two-parameter,  Arrhenius  fit  to  the  data  in  the  30C  to  800  K  range. 

It  would  be  inconsistent  then,  when  considering  the  reaction  0(3P)  + 
C2H5  ♦  C2H5  +  0H»  to  use  a  tW0“Parameter  expression  determined  in  the  low 
temperature  range.  Consistency  demands  that  a  model  transition  state  be 
described,  based  to  some  extent  on  0  +  CH4,  which,  when  its  parameters  are 
fit  to  the  low  temperature  data,  will  automatically  produce  a  curved 
Arrhenius  plot  that  should  be  described  with  at  least  three  parameters. 

Of  course,  in  a  particular  modei  study,  the  computed  property  of 
interest  may  not  be  sensitive  to  the  curvature  in  the  Arrhenius  plot  of  any 
particular  rate  constant.  Nevertheless,  if  the  model  is  to  be  extrapolated 
to  a  different  problem,  the  temperature  dependences  of  the  rate  constants 
should  be  consistent  with  what  is  understood  from  TST. 

Two  sets  of  bimoiecuiar  rate  constant  parameters  for  the  reactions  of 
0-atom,  hydroxyl  radical  and  methyi  radical  with  ethane  have  recently  been 
tabulated  as  follows:  (There  are  others  in  the  literature  r s  well.) 


Set  I4  Set  II1 


A 

B 

C 

A 

B 

C 

(a) 

o  +  c2h6 

-*■  OH  +  C2H5 

1.82E13 

0 

3070 

1.5E13 

0 

3201 

(b) 

HO  +  C2H6 

*  h2o  +  c2h5 

6.31E13 

0 

1812 

8.7E9 

1.05 

911 

(c) 

ch3  +  c2h6 

CH4  +  c2h5 

5.5  E14 

0 

10820 

5.5E-1 

4.0 

4167 

The  rate  constants  one  calculates  from  each  of  these  parameter  sets 
agree  to  within  a  factor  of  two  between  1000  and  2000  K.  However,  the 
direction  of  decrease  of  A-factors  in  parameter  set  I  is  inverted  from  the 
TST  prediction.  A-factors  should  decrease  in  this  series  of  reactions  in 
going  from  the  atom  to  the  diatom  to  the  polyatomic  species  because  the 
loss  of  rotational  entropy  accompanying  formation  of  the  series  of  transi¬ 
tion  states  increases  in  this  order.  There  are  many  examples  in  the  model¬ 
ing  literature  where  relations  among  rate  constant  parameters  of  bimoiecu- 
iar  reactions  are  inconsistent  with  simple  TST  constraints.  In  most  cases 
where  these  constraints  have  been  tested,  they  have  been  remarkably 
useful. 

Simple  Unlmolecular  Reactions 

Reactions  that  follow  potential  energy  surfaces  such  as  depicted  in 
1(b)  may  be  described  by  the  Lindemann  mechanism:^ 

A  +  M  A*  +  M  (5) 

-1 

*  2 

A  ■  1  *  Products 


These  reactions  are  always  the  result  of  energy  transfer  by  collision  of 
the  reactant  A  with  both  gas  M  (step  1  and  -1)  and  the  spontaneous  decom¬ 
position  of  the  energized  molecules  (A*). 


In  the  so-caiied  "high  pressure  limit",  the  unimoieeuiar  rate  constant 
may  be  described  by  TST  in  the  same  manner  as  were  bimoiecuiar  reactions; 
values  of  the  A-factors  and  activation  energy  may  be  evaluated  by  consider¬ 
ation  of  the  changes  that  occur  upon  formation  of  the  transition  state  from 
the  reactants.  In  general,  the  temperature  dependence  of  the  rate  constant 
may  also  be  represented  by  three  parameters,  but  often  two  will  suffice 
(see  Fig.  3).  Reverse  bimoiecuiar  association  processes  may  always  be 
computed  from  the  overall  equilibrium  constant.  Adequate  representation  of 
the  temperature  dependence  of  the  equilibrium  constant  will  usually  require 
at  least  three  parameters  as  ACp  for  the  reactions  is  not  usually  zero. 

The  unimoieeuiar  reactions  of  interest  may  not  be  at  their  "high  pres¬ 
sure  limits",  because  spontaneous  reaction  of  energized  reactant  (process 
2)  might  be  much  faster  than  the  coiiisionai  energizing  process;  thus,  at 
lower  pressures  an  equilibrium  population  would  not  be  maintained.  Under 
this  condition  canonical  TST  does  not  apply  and  the  rate  constant  for  uni- 
moiecuiar  dissociation  (and  the  reverse  bimoiecuiar  association)  becomes 
pressure  dependent  (fail-off). 

According  to  standard  unimoieeuiar  rate  theory, ^  the  observable  rate 
constant  kyni^jM),  ma^r  be  evaluated  by  averaging  the  microcanonieai  speci¬ 
fic  race  of  spontaneous  decomposition  of  energized  reactant,  k(E),  over  the 
appropriate  non-equiiibrium  distribution  function: 

kuni(T.M)  =•  70k(E)  -  B(E)  dE  (6) 

The  effective  rate  of  strong  collisions  of  reactant  with  bath  gas  is 
denoted  by  w,  and  B(E)  is  the  normalized  Boitzraan  distribution  of  reactant. 


.■vv."  •••  '■  •  % 


The  oicrocanonicai  race  constant,  k(E),  may  be  evaluated  quantum  statisti¬ 
cally  (RRKM  theory)  but  simpler  approximations  of  the  pressure  dependence 
will  usually  suffice  for  modeling  purposes  (see  below). 


In  Fig.  2,  actual  "fall-off"  curves  for  butane  and  octane  at  1000  K 
(on  a  reduced  basis)  are  compared  with  the  Lindemann  fall-off  curve.  The 
Lindemann  fall-off  curve,  obtained  by  solution  of  the  three  differential 
rate  equations  of  the  Lindemann  mechanism,  has  a  particularly  simple  form 
explicit  in  pressure,  viz.. 


^Lindemann  ^  „  (i  +  ^/^M)"*1 


uni 


(7) 


The  constants,  kQ  and  k*,  ,  are  functions  only  of  temperature;  kQM  and 
k  are  the  actual  values  of  the  unimolecular  rate  constant  in  the  low- 

QO 

pressure  (H  ♦  0)  and  high-pressure  (M  +  ®)  limit.  The  temperature  depen¬ 
dence  of  Icq  and  shown  in  Fig.  3  for  a  variety  of  hydrocarbon  fuel 
pyrolysis  reactions,  may  be  represented  adequately  by  three-parameter 
expressions  of  the  same  form  as  has  been  used  for  simple  blmolecular  reac¬ 
tions,  equation  (2). 

Troe^  has  demonstrated  that  accurate  empirical  relationships  between 
the  Lindemann  and  actual  fall-off  curves  exist,  viz., 


kuniUai(T’M)  "  ^Jdemann(T,M)  F(T,M) 


(8) 


Troe  shows  that  the  "broadening  factor",  F(T,M),  may  be  written  in  a 
variety  of  universal  pressure  explicit  forms  of  varying  accuracy,  the  most 
simple  of  which  is: 


-1 


log  F(T,M)  -  1  -  (log  k  M/ktB)i 


log  FC(T). 


(9) 


la  ail  of  Troe's  pressure  explicit  forms,  the  temperature  dependence  of 
F(T,M),  is  carried  entirely  by  FC(T),  the  broadening  factor  at  the  center 
of  the  fall-off.  Fig*  3. 

Fig.  4  shows  FC(T)  for  a  variety  of  fuel  pyrolysis  reactions;  FC(T) 
may  be  adequately  described  by  a  three  parameter  function,  viz., 

Fc(T)  -  a  exp(-b/T)  +  exp(-T/c).  (10) 

This  is  slightly  different  than  suggested  by  Troe.  In  the  limits  of  zero 
or  Infinite  temperature  or  pressure,  all  unlmolecular  reactions  approach 
Llndemann  behavior  and  FC(T)  and  F(T,M)  approach  unity. 

Values  of  the  broadening  factor  in  regimes  of  pressure  and  temperature 
relevant  to  combustion  processes  (e.g.,  1-atm  and  1000  K  to  2000  K)  are 
unity  for  ail  small  molecule  fuels  with  energy  thresholds  around  100  kcai 
moi“*  (e.g.,  CH4,  NH3,  CH2O)  because  unlmolecular  pyrolysis  for  these  small 
molecules  (a  process  important  to  initiation  of  combustion)  is  in  its  low 
pressure  limit,  kunl  ■  kQM,  Fig.  5.  Pyrolysis  of  larger  molecule  fuels 
(with  thresholds  around  80  kcal/moi”*,  e.g.,  butane  and  larger  molecules) 
also  have  unity  broadening  factors  because  k^^  “  .  At  1-atm  pressure 

and  1500  K,  ethane  pyrolysis  is  at  the  center  of  the  fall-off,  and  its  cen¬ 
ter  broadening  factor,  also  the  maximum  braodening  factor,  is  around  0.2. 

It  seems  proper  then  to  take  into  account  our  physical  understanding 
of  these  processes  by  tabulating  data  for  modeling  purposes  to  be  consis¬ 
tent  with  Troe's  expressions.  We  suggest,  in  complete  analogy  to  the  tabu¬ 
lation  of  pressure-dependent  association  reactions  by  the  NASA  Stratos¬ 
pheric  Rate  Constant  Evaluation  Panel,  that  for  a  given  reaction,  values  of 
the  two  sets  of  three  parameters  that  will  describe  kg,  and  kQ, 


as  well  as 


the  three  parameters  that  are  defined  in  equation  (10),  be  tabulated. 
These  nine  parameters  used  with  equations  (8)  and  (9)  describe  k(M,T)  for 
the  process  well  enough  for  the  modeling  exercise.  It  must  be  reiterated 
that  these  formulae  allow  cosiderable  extrapolation  far  from  the  reported 
conditions. 


Comolex  Elementary  Processes 


In  its  simplified  form  a  chemical  mechanism  consists  of  a  number  of 
sequential  and  consecutive  elementary  reactions.  It  is  usual  to  treat 
these  independently  in  a  model,  describing  each  with  k(T)  or  k(P,T)  as 
appropriate  (see  previous  discussion).  There  are,  however,  some  oft- 
occurring  instances  in  which  elementary  reactions  cannot  be  separated  in 
the  usual  way.  Consider  the  reaction  proceeding  along  the  surface  depicted 
in  Fig.  1(c).  (The  barriers  E^  and/or  E2  may  be  as  low  as  zero.)  Such  a 
surface  describes  three  processes:  the  unlmolecular  decomposition  of  sub¬ 
stance  T  via  two  pathways,  the  bimolecular  reaction  of  A  and  B  to  form  C 
and  D  (and  possibly  T),  or  the  reverse  bimolecular  reaction.  In  each  case 
different  non-thermal  energy  distributions  (Chemical  Activation)  may  obtain 
and  simple  canonical  TST  is  not  applicable.  However,  if  the  pressure  is 
sufficiently  high  so  that  substance  Y  is  present  in  thermal  equilibrium, 
the  competing  unlmolecular  processes 


Y  4  A  +  B 

Y  l  C  +  D 


VT, 


nay  be  separately  described  by  their  respective  values,  or  the 
blmolecular  process. 


A  +  B  ♦  C  +  D, 


can  be  written  as  the  sum  of  the  two  reactions 


A  +  B 


C  +  D 


It  is  important  to  recognize  that  these  simplifications  do  not  apply  for 
nonthermal  distributions  where  the  lifetime  of  Y  is  pressure  dependent!^ 

In  these  cases  the  rate  constants  kl#  k_lt  and  k2  must  be  specified  at  the 
mlcrocanonical  level  and  the  overall  rate  constant  and  branching  ratios  are 
pressure  as  well  as  temperature  dependent. 

For  example,  for  the  overall  blmolecular  reaction  between  methyl 


radicals , 


CH3  +  CH3  ■  ►  C2H5  +  H, 


Ue  may  depict  this  process  by  the  scheme: 


ch3  +  ch3 


*  k2 


l  k,WJ 


C2H5  +  H 


Under  conditions  where  k2(E)  «  k^(E),  which  apply  here  since  the 
overall  process  is  ten  kcal  mol“*  endothermic,  it  is  easily  shown**  that  at 
all  pressures  k^  -  Kgq  k^  where  Kgq  Is  the  overall  equilibrium  constant. 
Thus,  we  have  a  simple  means  of  including  experimental  determinations  of 


12 


.  fct  ki  ^ 


3 


ltjji*  since  ail  the  appropriate  values  of  molecular  parameters  required  to 

m 

know  and  are  known  or  can  be  easily  estimated. 

Production  of  H-atoms  by  the  methyl-methyl  reaction  has  been  advocated 
as  an  important  contributor  to  the  dominant  pathways  in  methane  combustion. 
The  temperature  dependence  of  the  rate  constant  used  in  current  modeling* 
(10*^*®exp  -  26.5/RT  cra^  mol-*  sec-*)  is  in  substantial  disagreement  with 
our  calculation  (10*** 3  exp  -  10.0/RT)  which  agrees  with  new  experimental 
evidence.**  Thus,  although  the  absolute  value  of  the  rate  of  the  methyl- 
methyl  reaction  currently  in  use  is  correct  at  1000  K,  it  is  a  factor  of  16 
too  large  at  1500  K  and  64  too  large  at  2000  K.  The  consequences  of  this 
observation  may  Impact  strongly  on  the  methane  combustion  model,  especially 
at  higher  temperatures,  where  initiation  and  H-atom  propagation  reactions 
dominate  the  properties  of  the  youngest  parts  of  a  flame. 

When  complex  surfaces,  such  as  depicted  in  Fig.  1(c)  give  rise  to  sit¬ 
uations  in  which  k2(E)  «  ki(E),  the  overall  reaction  may  exhibit  pressure 
as  well  as  temperature  dependence.  The  temperature  dependence  can  easily 
give  rise  to  a  negative  activation  energy  if  the  ratio  k^(E)/k2(E) 
increases  with  temperature. ^  At  this  writing  we  have  no  simple  sugges¬ 
tions  as  to  general  tabulation  of  the  data  concerning  these  processes. 


Multi-Channel  Blmolecular  Processes-Branchin 


The  potential  energy  surface  shown  in  Fig.  1(d)  is  the  result  of 
recent  state-of-the-art  theoretical  calculation  for  the  H  +  N20  system**  and 
exemplifies  a  class  of  multi-channel  blmolecular  processes  with  branching 
that  are  common  in  combustion  chemistry. 


The  kinetics  of  the  overall  bimolecular  reactions,  viz 


^bi2 

H  +  N20 

■  OH  +  N2 

H  +  N20 

kbi3  , 

'  NH  +  NO 

(18) 

(19) 


nay  be  deduced  through  analysis  of  the  unimolecular  reactions  of  intermed¬ 
iate  HNNO. 

Measures  of  the  branching  ratio,  R  -  kbi3/kbl2,  have  been  inferred  at 
~2000  K  by  direct  observation  of  laser  induced  fluorescence  from  HN  and  OH 
in  a  H2/N2O  flame  and  at  873  K  in  a  static  system.10  The  weak  temperature 
dependence  of  R  (R2000K~  0,04  and  R873K~  °’004>  yields  an  apparent  acti¬ 
vation  energy  difference  of  only  about  7  kcai/moi-1,  less  than  half  the 
difference  between  the  critical  energy  thresholds  of  the  branches,  17 
kcai/moi-1.  Fig.  1(d). 

The  modeling  of  the  observation  of  the  very  weak  temperature  depenr 
dence  of  branching  requires  use  of  a  hindered  Gorin  model  transition  state 
for  reaction  channel  3.  Properties  of  the  hindered  Gorin  model  have  been 
studied  in  the  past11  in  connection  with  radical-radical  recombinations  and 
their  reverse  unimolecular  bond  scission.  Thus,  considering  channel  3  from 
the  point  of  view  of  the  NO  +  NH  Interaction,  the  system  geometry  is  char¬ 
acterized  as  a  prolate  symmetric  top  as  the  N-N  interfragment  distance 
decreases.  The  minor  external  rotational  degree  of  freedom  of  this  sym¬ 
metric  top  is  active  and  strongly  coupled  to  the  internal  rotation  about 
the  N-N  axis;  its  moment  of  inertia  does  not  change  as  the  N-N  distance 


decreases*  By  contrast,  the  two  major  external  rotational  degrees  of  free¬ 
dom  are  adiabatic*  Their  moments  of  inertia  decrease  drastically  with 
decreasing  interfragment  distance. 

It  has  been  customary  to  evaluate  the  effect  of  momentum  conservation 
constraints  by  use  of  the  quasi-diatomic  model. ^  Thus,  an  "effective" 
potential  energy  surface  may  be  defined  at  any  given  temperature  which  con¬ 
serves  the  overall  rotational  quantum  number.  Fig.  1(e).  On  this  surface, 
the  dissociation  energy  of  HNNO  is  less  than  its  value  at  the  absolute  zero 
by  the  amount  (I+/I  -  1)RT,  where  I+/I  is  the  ratio  of  the  moments  of 
inertia  of  activated  complex  to  molecule.  In  addition  to  this  temperature 
dependent  centrifugal  energy  effect,  a  temperature  dependent  hindrance 
parameter,  T),  causes  the  entropy  of  the  transition  modes  in  the  hindred 
Gorin  model  to  decrease  with  temperature.11  In  this  case  the  transition 
modes  are  the  two  overall  rotations  in  the  separated  diatomics  which  become 
hindered  Internal  rotors  in  the  activated  complex. 

The  empirical  Gorin  model  hindrance  parameter,  is  defined  in  terms  of 
a  ratio  of  A-factors,  A^/a  -  (100  -  t)/100,  where  Ag  and  A  are  A  factors  for 
the  hypothetical  high  pressure  unimolecular  reaction  for  the  hindred  and 
unhindered  model. 

In  the- case  of  the  Channel  3  reaction,  a  hindrance  parameter  that 
varies  between  84  and  99%  (1000  K-2000  K)  has  been  required  to  fit  the 
observed  branching  ratio,  ^cbi3/kf)12*  The  radical-radical  interactions 
modeled  in  the  past  have  also  required  values  between  85  and  99.5%  (220  K- 
1200  K).  Thus,  the  ideas  embraced  by  the  hindered  Gorin  model,  with 
A{j/A  ~  0.2  to  0.005,  are  appropriate  for  description  of  reactions  involving 
simple  bond  fission.  The  consequence  of  use  of  the  hindered  Gorin  model  to 


predict  the  pressure  and  temperature  dependence  of  is  Co  produce  a 

nearly  pressure  independent  Arrhenius  plot  whose  activation  energy  and 
A-factor  decrease  with  increasing  temperature. 


CONCLUSIONS 


This  work  is  meant  to  exemplify  the  current  status  of  the  overview 
that  is  applicable  to  the  critical  evaluation  of  chemical  rate  data  for 
combustion  modeling.  Specifically: 

1.  Simple  bimolecular  reactions  should  all  be  tabulated  as  a 

function  of  temperature  alone.  Three  parameters  are 

required.  The  parameters  should  be  evaluated  keeping  in 

mind  the  relative  values  of  appropriate  physical  quanti- 
$  $  * 

ties,  such  as  AS  ,  AH  ,  and  AC  . 

P 

2.  Simple  unlmolecular  reactions  should  be  tabulated  as  a 
function  of  temperature  and  pressure.  It  is  convenient  to 
characterize  the  temperature  dependence  of  both  high  and 
low  pressure-limiting  rate  constants  by  three  parameters. 

The  fail-off  curve  can  then  be  reproduced  by  a  parameteriz¬ 
ation  due  to  Troe  that  requires  three  additional  parameters. 

3.  Complex  surfaces  must  be  recognized  and  apparent  bimoiec- 
ular  processes  must  be  distinguished  from  simple  blmoiec- 
ular  processes.  The  possibilities  for  both  pressure 
dependence  and  negative  activation  energies  for  the  former 
must  be  accounted  for  correctly.  A  simple  formalism  is  not 
yet  available.  Each  process  needs  to  be  considered  in  some 
detail. 
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4.  The  existence  of  multi-channel  surfaces  must  be  taken  into 


account*  It  appears  that  appropriate  branching  ratio  cal¬ 
culations  will  require  use  of  models  that  take  into  account 
angular  momentum  conservation  restrictions.  A  simple  for¬ 
malism  for  expressing  these  reaction  rate  constants  is  not 
yet  available.  Each  process  needs  to  be  considered  in  some 
detail. 

5.  We  have  bypassed  discussion  of  the  important  problem  of 

energy  transfer.  Collisions!  rats  constants  and  their  tem¬ 
perature  dependences  must  be  expressed  terms  of  the  average 
energy  transferred  per  collision. ^  In  general,  only 
empirical  relationships  currently  exist. 
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FIGURE  CAPTIONS 


Figure  1  Schematic  potential  energy  surfaces  for: 

(a)  simple  bimoiecuiar, 

(b)  simple  unlmolecular,  and 

(c)  complex  elementary  processes  at  zero  degrees  Kelvin.  Processes 
without  barriers  (E  -  0)  at  OK  are  constrained  at  higher  tem¬ 
peratures  to  follow  surfaces  which  allow  momentum  conservation. 

Figure  2  Comparison  between  actual  fall-off  and  Lineman  fall-off,  on  a 
reduced  basis:  reduced  pressure  -  Pr  -«  kjjM/k^  and  reduced  rate 
constant  *  kr  *  k^^/k^  .  At  the  center  of  the  fail-off,  Pr  “  1, 
kr  -  0.5,  and  Fc  -  0.5/kr 

Figure  3  Temperature  dependence  of  k0  and  k^  for  several  fuel  pyrolysis 
reactions . 

Figure  4  Temperature  dependence  of  the  center  broadening  factor  for  several 
fuel  pyrolysis  reactions. 

Figure  5  The  pressure  at  the  fall-off  center,  Pc,  as  a  function  of  temper¬ 
ature  for  several  fuel  pyrolysis  reactions  and  the  combustion  win¬ 
dow,  1-10  atm  and  1000  -  2000  K.  Around  1  atm  pressure,  butane  and 
larger  molecular  pyroiyze  near  their  high  pressure  limit  and  methane 
and  smaller  molecular  pyroiyze  in  their  low  pressure  limit. 


LASER-INDUCED  FLUORESCENCE  SPECTROSCOPY  OF  NCO  AND  NR, 
IN  ATMOSPHERIC  PRESSURE  FLAMES 


Richard  A.  Copeland,  David  R.  Crosley  and  Gregory  P.  Smith 
Chemical  Physics  Laboratory 
SRI  International 
Menlo  Park,  California  94025 

Laser-Induced  fluorescence  (LIF)  Is  a  powerful  method  for  the  sensitive 
detection  of  trace  species  in  flames,  so  as  to  gain  Insight  Into  the 
combustion  chemistry  mechanisms.  However,  LIF  has  been  applied  almost 
exclusively  to  diatomic  radicals  whereas  the  chemical  networks  contain  many 
species  of  larger  size  whose  presence  can  signal  definite  mechanistic  paths. 

He  describe  here  a  comprehensive  survey  of  the  LIF  spectroscopy  of  the  NCO 
molecule  In  a  CH^/NjO  flame  and  the  NHj  molecule  In  NH^/N^O  and  NH3/O2  flames, 
all  burning  rich  at  atmospheric  pressure.  NCO  was  excited  In  the  B-X  and  A-X 
systems  In  the  ultraviolet  and  blue,  respectively;  the  latter  is  much  more 
Intense  and  can  be  more  easily  made  free  of  strong  interfering  transitions  due 
to  diatomics.  NH2  was  excited  in  the  A-X  transition.  Excitation  and 
fluorescence  wavelengths  furthest  to  the  rad  minimize  background  Interference 
due  to  underlying,  unidentified  absorption  features  and  flame  emission. 
Prescriptions  for  detecting  these  two  species  are  presented.  Including  a  table 
of  excitation  and  detection  wavelengths,  as  well  as  some  general  conclusions 
which  should  be  useful  in  extending  flame  LIF  detection  to  other  trlatomic  and 
larger  radicals. 
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Introduction 


Laser-induced  fluorescence  (LIP) *  Is  the  member  of  the  family  of  laser 
spectroscopic  probes*’ *  best  suited  for  the  detection  of  trace  radical  species 
in  combustion  systems.  It  possesses  high  sensitivity  and  selectivity  coupled 
with  spatial  and  temporal  resolution  and  a  non-intruslve  nature.  Such 
information  is  valuable  for  obtaining  qualitative  insight  into  the  mechanisms 
of  the  combustion  chemistry,  and  provides  sensitive  data  for  comparison  with 
quantitative  predictions  from  detailed  computer  models  of  that  chemistry  in 
simple  laboratory  flames. 

\ 

Consider  as  the  atomic  constituents  of  naturally  occurlng  fuels  H,  C,  N, 

0  and  S.  All  of  these  atoms  and  the  15  diatomic  molecules  formed  from  them 
have  been  observed  by  LIP  in  low  pressure  discharge  flows  or  static  cells,  and 
two  of  the  atoms  plus  ten  of  the  dlatomics  have  been  detected  in  flames  by  LIP 
(for  the  atoms,  and  H2>  Nj  00  on*  oust  use  two -photon  excitation  because 
their  first  absorption  bands  lie  in  the  vecuum  ultraviolet).  However,  only  a 
few  of  these  dlatomics  have  yet  been  meaningfully  fit  into  chemical  kinetic 
schemes,  and  the  flame  chemistry  Involves  many  larger  radicals  as  well. 

Therefore  it  is  Important  to  extend  LIP  flame  detection  capability  to 
larger  species.  Of  the  35  triatomlcs  which  can  be  formed  from  these  atoms 
(not  counting  the  chemically  and  spectroscopically  distinct  isomers  such  as 
CCM  and  CHC),  14  have  been  observed  in  LIP  in  cells  or  flows  and  another  13 
are  definite  or  possible  candidates  on  spectroscopic  grounds.  However,  only 
four  have  been  detected  by  LIP  in  flames.  S02*  and  N025  have  been  detected 
over  wide  wavelength  regions  but  in  each  case  the  complexity  of  the  absorption 
spectrum  and  the  laser  wavelengths  and  bandwidth  used  resulted  in  near- 
continuum-like  excitation  precluding  definitive  spectroscopic  assignment. 
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NCO^  has  been  cleanly  excited  and  studied ,  via  the  coincidental  overlap  of  one 
of  its  absorption  lines  with  one  of  the  fixed -wavelength  lines  of  an  Ar+ 
laser.  NH2>  with  a  well-known  LI?  signature  under  low  pressure  conditions, 
has  escaped  LIP  detection  in  atmospheric  pressure  flames  in  previous 
experiments  in  this  laboratory  as  well  as  elsewhere, ^  although  unpublished 
results  indicate  it  can  be  excited  weakly  with  the  frequency-doubled  line  of  a 

Q 

Nd :YAG  laser.  However,  while  it  can  be  very  convenient,  such  fixed-frequency 
excitation  does  not  permit  optimization  of  detection  under  a  variety  of 
conditions  including  potential  intefering  absorptions,  and  cannot  be  relied  on 
as  general  for  other  molecules.  NHj  has  also  been  detected  in  atmospheric 
pressure  flames  by  absorption  of  laser  radiation  directly^  and 
optoacoustically 10  but  these  methods  do  not  have  the  pointwlse  spatial 
resolution  attribute  of  LI?. 

We  have  performed  a  survey  of  Che  LZ ?  spectroscopy  of  the  NCO  and  NB2 
molecules  in  atmospheric  pressure  flames,  using  lasers  and  detection  systems 
tunable  over  a  wide  range  of  wavelengths.  The  burners  and  gas  mixtures  were 
chosen  to  optimize  conditions  for  the  spectroscopic  studies,  but  the  detection 
strategies  developed  can  be  later  used  on  burners  better  suited  for  obtaining 
profiles  for  comparison  with  theoretical  models. 

NCO  and  HH2  were  chosen  for  study  for  two  reasons.  One  is  the  existence 
of  considerable  spectroscopic  information  from  previous  studies,  both  in 
conventional  spectroscopy  and  LI?  experiments.  This  has  not  only  facilitated 
initial  detection  but  also  permitted  more  general  conclusions  and  extensive 
comparison.  (In  this  connection,  it  is  noteworthy  that  all  the  species, 
regardless  of  size,  which  have  been  detected  by  LI?  were  first  studied 
spectroscopically  in  flame  or  plasma  discharge  emission  or  in  flash  photolysis 
absorption.)  On  the  other  hand,  the  use  of  LI?  in  flames  has  provided  new 
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spectroscopic  information  for  NCO  not  previously  attainable,  as  described 
below. 

The  other  reason  is  the  intrinsic  potential  importance  of  these  radicals 
in  certain  combustion  chemical  networks.  NCO  has  been  postulated  as  an 
intermediate  in  the  formation  of  N0X  from  fuel-nitrogen11  end  was  found  to  be 
present  in  copious  quantity  in  CH^/NjO  flames,6  pertinent  to  nltrsmine 
combustion.  NH2  has  been  suggested  as  an  Intermediate  in  the  production  of 
pronpt-NO12  and  in  the  ammonia  de-NOx  process.12 

He  present  here  a  description  of  our  experiments.  Because  of  the  large 
amount  of  data  on  excitation  and  fluorescence  spectra  Involved,  we  can  Include 
only  a  condensed  version  of  the  results.  He  hope  that  this  will  serve  as  an 
adequate  guide  to  LIT  detection  off  these  two  species  in  combustion  experiments 
in  other  laboratories.  In  addition,  we  plan  to  assemble  later  in  report 
form16  a  LIT  spectroscopic  atlas  of  the  wavelength  regions  covered  In  these 
flames,  including  excitation  of  several  diatomics  whose  fluorescence  must  be 
filtered  out.  He  include  some  general  observations  from  the  experiments  which 
we  hope  will  prove  useful  in  extension  of  LIT  detection  in  flames  to  other 
trlatomics  and  larger  molecules. 

Experimental  set-up 

Several  burners  were  tried:  a  McKenna  products  porous  plug  burner,  a 
small  flat  flame  burner  with  1  an  holes  in  the  surface,  a  glassblowing  torch, 
and  a  knife-edge  slot  burner  patterned  after  a  design  explicit  for  laser 
probing.12  This  last  burner,  which  presents  a  saddle-point-shaped  flame  and 
easy  laser  beam  access  underneath  the  reaction  tone,  proved  the  easiest  to  use 
and  provided  the  largest  signals  for  these  spectrocoplc  experiments.  The 
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flaaes  war*  run  rich,  to  u  to  yield  larger  quenclcles  of  the  oxygen-poor  or 
oxygen-free  radicals  of  Interaat.  The  relative  flow  rates  used  in  aost  of  the 
experiments  wars:  CH^  :  N^O  :  »2  “  1.0:3. 5:2. 7;  NH^NjO  -  5:3  ;  NH^  :  02  »  2:1  . 

The  first  stsp  in  each  case  was  aeasureaent  of  the  eeisslon  spectrun  of 
each  flaws.  In  addition  to  the  spectroscopic  overview  provided,  this  served 
two  specific  purposes.  The  first  was  the  selection  of  gas  aixtures  yielding 
strong  radical  eeisslon  (the  ground  and  excited  state  radical  concentrations 
are  not  necessarily  proportional  but  this  was  a  useful  guide).  The  second  was 
the  choice  of  detection  wavelengths  einiaislng  interference  and  noise  from 
flees  eeisslon.  In  the  case  of  CH^/^O,  no  NCO  eeisslon  could  be  seen  but 
there  were  clearly  favorable  regions  between  different  vibrational  sequences 
of  the  CH,  CN  and  eeisslon.  The  NH^/NjO  spectrun,  apparently  not 
previously  described,  was  similar  to  that  of  the  NH^/C^  flane,  and  consisted 
of  OH,  NH  and  N^  bands,  with  the  NHj,  about  half  as  strong,  coapared  to  the 
diatoaics,  for  the  ^O-based  flsae  as  in  the  C^-based  flsee.  Here,  the 
potential  Interference  is  NHj  itself  (and  perhaps  unassignable  N02 
underneath);  the  spectra  suggest  it  is  minimized  as  one  operates  furthest  to 
the  red. 

The  LIF  arrangement  was  standard,  with  the  laser  beaa  passing  through  the 
movable  burner  and  the  fluorescence  focussed  at  right  angles  onto  a 
spectrometer,  soae times  filtered  with  colored  glass.  An  XeCl-pumped  dye  laser 

-  -l 

with  typical  pulse  energy  •  3  mJ,  bandwidth  Av^  -  0.3  cm  and  repetition 

rate  r^  ~  100  Hz  was  used  for  the  blue  (A-X)  NCO  excitation,  and  a  Nd :YAG- 

pueped  dye  laser  (r^  ■  10  Hz)  was  used  in  the  fundamental 
*  -*1 

(E^  -  30  mJ,  Av^  ■  0.15  cm  )  for  NH2  and  frequency-doubled  (E^  -  l  mJ, 

~  -1 

AVj  -  0.25  cm  )  for  NCO  B-X.  The  pulse  length  of  each  laser  was  10  nsec, 
and  the  signals  followed  the  laser  in  time.  A  0.35  m  spectrometer  with 
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dispersion  22  A/mm  and  cooled  EHI  9558  Q  photomultiplier  were  used  for  NCO 
A-X;  Che  silt  was  aligned  parallel  Co  Che  laser  beam.  A  0.75  m  spectrometer 
(11  A/mm)  and  uncooled  9558  or  red-sensitive  RCA  31034A  photomultiplier  were 
used  for  NCO  B-X  and  NHj;  here  Che  beam  and  slit  were  perpendicular. 

The  photomulipller  signal  was  amplified  a  factor  of  100  using  a  Pacific 
video  2A50  preamp  (50  Q  in  and  out)  and  fed  to  a  gated  boxcar  integrator  with 
a  20  nsec  gate.  This  mode  of  fast  pulse  operation  was  always  preferable  and 
often  essential  to  maximize  the  LIP  to  background  emission  ratio,  in 
comparison  with  higher  input  Impedance  (e.g.,  1MQ)  and  a  longer  gate 
(1  psec).  Even  so,  care  had  to  be  taken  to  keep  the  photomultiplier  operating 
voltage  low  enough  that  the  tube  did  not  saturate  under  the  continuous  flame 
emission  current.  An  oscilloscope  proved  useful  for  signal  searching  and 
monitoring.  The  boxcar  output  was  then  fed  to  a  scanning  strlpchart 
recorder.  The  laser  beam  energy  was  continually  monitored  in  a  second  boxcar 
channel. 

During  some  of  the  NH2  runs,  where  absorption  due  to  unidentified  bands 
and/or  species  appeared  present,  a  half-inch  microphone  was  mounted  near  the 
burner  to  optoacouscically*0  monitor  the  total  absorption. 

NCO  radical 

The  NCO  LIP  spectrum  over  the  range  of  one  laser  dye  is  illustrated  in 
Figure  1.  The  top  two  scans  are  noise-free  at  this  sensitivity,  and 
concomitant  excitation  of  CH,  CN  and  C2  in  this  region  is  not  seen  due  to  the 
choice  of  fluorescence  wavelength.  The  top  scan  shows  the  overall  pattern, 
increasing  sharply  in  intensity  as  one  scans  to  shorter  wavelengths  through 
the  electronic  origin  (000-000)  near  440  nm.  The  transition  from  000  to  the 


first  allowed  excited  vibrational  level  (100)  of  ArZ  occurs  at  416  nm;  the 
observed  fluorescence  for  X  <  437  am  thus  is  hot  bands ,  originating  from 
vlbratlonally  excited  levels  in  the  ground  state.  Because  the  laser  power  is 
beginning  to  drop  for  X  <  430  na,  the  bands  in  this  region  appear  much  less 
Intense  in  Fig.  1  than  they  actually  are. 

A  4  nm  portion  showing  the  four  heads  of  the  000-000  band  (marked  by 
arrows)  as  well  as  other  bands,  is  presented  in  the  middle  panel.  In  turn,  a 
0.45  nm  section  of  this,  exhibiting  individual  rotational  lines  of  the 
satellite  branch,  is  given  in  the  bottom  scan.  Interestingly,  the  0P12  bead, 
which  occurs  for  J  near  70,  is  barely  discernable  in  room  temperature  flow 
system  LIF  spectra***  (see  Ref.  1  for  a  comparable  scan)  but  is  very  marked  in 
the  flame. 

The  overall  excitation  spectrum  throughout  this  region  is  clearly 
congested  and  complex,  due  largely  to  the  significant  fractional  populations 
in  vlbratlonally  excited  levels  of  the  ground  state  at  flame  temperatures.  Ii 
order  to  make  quantitative  measurements  of  NCO  concentrations  (even  relative) 
it  is  necessary  to  have  individual,  assigned  rotational  lines  at  the  level  of 
resolution  of  those  in  the  bottom  panel  of  Fig.  1,  due  to  the  variation  with 
temperature  of  population  in  a  given  v,  J  level.  He  have  mapped  a  portion  of 
the  region  X  <  440  nm  but  have  concentrated  attention  for  hot  flames  on  bands 
to  the  red.  Involving  vlbratlonally  excited  levels  whose  excitation  spectra 
are  much  less  congested. 

The  vibrational  level  structure  in  the  X,  A  and  B  states  of  NCO  is 
illustrated  in  Fig.  2.  A  brief  structural  and  spectroscopic  description  of 
NCO  follows.  (Details  may  be  found  elsewhere. **,16“*^)  It  is  a  linear 
molecule  with  two  stretching  (v1  and  v3)  and  one  degenerate  bending  vibration 
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(v2>»  The  electronic  orbital  angular  momentum  of  the  ground  n  state  couples 
with  the  vibrational  angular  momentum  1  of  the  bend  (1  ■  Vj,  Vj-Z,  V2“4,..., 
or  1  at  ^2  la  even  or  odd),  yielding  a  total  angular  momentum  K  exclusive  of 
spin.  The  states  of  different  1  split  according  to  the  so-called  Renner- 
Teller  interaction.  This  yields  states  of  II  symmetry  for  V2*>0,  II  and  <5  for 
V£a2;  and  Z  and  A  for  V2»l.  The  spin  angular  momentum  of  this  doublet 
molecule  then  interacts  to  produce  spln-orbit-split  components.  In  states 
where  Vj-O,  this  yields  ^3/2  snd  ^1/2  components  like  those  in  OH.  In  the 
transition  to  the  upper  A 2£+  state  the  spin-orbit  component  yields  four 

discernible  rotational  branches  branches,  “P^,  ?2  +  P<?i2’  ^2  +  an<^  R2 

with  two  heads;  the  component  has  the  ,  Q2  +  ^P2I*  R1  +  *^21  330(1  Sr21 

branches  with  two  heads  (see  Pigs.  1  and  3).  Transitions  originating  from  the 
Z  levels  where  Vj*!  have  only  P  and  R  branches;  two  heads  arising  from 
excitation  out  of  the  higher  Z  level  (labelled  k2Z~)  are  seen  in  Pig.  3. 
Transitions  from  higher  E,II  and  A  levels  have  also  been  observed  but  will  not 
be  described  here. 

Pigure  3  exhibits  an  excitation  scan  of  the  000  *  100  band  which  appears 
the  most  convenient  for  flame  diagnostic  measurements.  Individual  lines  of 
this  and  of  other  bands  were  readily  assigned  from  the  000-000  absorption 
spectra  of  Dixon.17  The  R2  and  Q2  branches  at  466  nm  are  the  best 
individually  resolved  for  quantitative  measurements  whereas  the  Intense  P2 
head  is  the  best  for  signal  searching.  Line  strengths1^  may  be  calculated 
form  standard  diatomic-like  Z  -II  formulae.  Radiative  lifetimes  and 
Pranck-Condon  factors,  needed  for  vibrational  band  intensities,  have  been 
separately  measured.1** 

The  excitation  scan  of  Pig.  3  was  made  with  a  monochromator  bandpass  of 


4  nm  centered  on  the  000  *  000  emission  at  400  nm.  This  relatively  narrow 


bandpass  la  needed  Co  filter  out  flame  emission  and  strong  fluorescence  from 
laser-excited  C2  In  this  same  region.  The  need  for  careful  setting  of  the 
monochromator,  and  the  dual  selectivity  of  LIF  with  variable  excitation  and 
detection  wavelengths,  is  shown  in  Fig.  4.  The  bottom  scan  shews  the  0Pj^  an<l 
heads,  plus  Q2  and  lines  of  the  000  «■  001  band  observed  via  000  ♦  000 
emission.  When  Che  monochromator  is  tuned  to  the  010  *  010  emission  band  only 
5  nm  away,  the  001  excitation  greatly  decreases  whereas  the  and  P2  heads  of 
the  010  -4-011  transition  near  478.5  nm,  and  the  010  4-  oil  ^5/2  component 

near  478.2  stand  out  (top  scan).  (Here,  the  °P12  head  is  still  rather 
apparent;  it  Involves  high-J  levels  emitting  Q  and  R  branches  at  shorter 
wavelengths.) 

Table  I  lists  the  excitation  bands  which  have  been  observed  for  the  A-X 
system  and  the  emission  bands  furnishing  the  strongest  signals  free  of 
Interference  from  any  diatomic  LIF  with  excitation  lines  in  the  same  region. 

Previous  conventional  room  temperature  absorption  spectra^ 
originating  from  the  lowest  levels  (000  and  010)  have  been  of  key  Importance 
enabling  the  present  LIF  search.  However,  the  combination  of  the  laser 
excitation  and  flame  environment  has  also  furnished  new  high-resolution 
spectroscopic  information  in  excited  vibrational  levels  of  X^IT^.  The  band- 
head  separations  P2~Q}  depend  largely  on  the  spin-orbit  splitting  constant  A 
whereas  the  °Pi2~P2  separation  furnishes  a  measure  of  the  rotational  constant 
B.  The  actual  wavelengths  were  calibrated  by  changing  the  observation 
wavelength  so  as  to  excite  previously  measured  or  readily  calculated  bands  of 
CH,  CN  or  C2  in  Che  same  wavelength  region  of  the  laser.  We  find  by  fitting 
the  band  heads  that  the  magnitude  of  A  (in  cm”*' ,  with  typical  0.3  cm”*  error) 
decreases  with  v1  and  increases  with  v3  :  Aqqq  -  -95.5;  A10Q  -  -90.0; 

Ajqo  “  "71.8;  Aqqj  •  -97.3;  A^  -  -92.6.  The  Renner-Teller  splitting  also 
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varies  with  screeching  vibrations.  To  our  knowledge,  this  represents  the 
largest  range  of  vibrationally-dependent  A-values  for  a  triatomlc.  A  full  fit 


and  the  results  will  be  separately  published;^  we  note  these  values  to 
illustrate  the  spectroscopic  potential  of  LIF  in  flames. 

18 

The  B-X  system  of  NCO  appears  attractive  for  diagnostic  purposes  due  to 
the  shorter  lifetime  of  the  B^H^  state^  although  its  fluorescence  is  spread 
over  many  bands ^  in  contrast  to  that  from  the  A^£+  state  which  is 
concentrated  in  a  few.  Scans  through  the  000-000  band  near  315  nm  showed  it 
to  actually  be  decidedly  inferior  to  A-X.  The  B-X  fluorescence  was  very  weak 
by  comparison  and  only  the  Rj  and  Rj  heads,  with  indefinite  J-values,  could  be 
discerned.  Within  the  1.5  nm  region  around  these  heads  are  also  strongly 
interfering  excitations  in  the  0,0  and  1,1  bands  of  OH  A-X,  the  1,0  and  2,1 
bands  of  NH  A-X  and  a  band  of  CM  B-X.  We  recommend  the  A-X  system  for  flame 
diagnostic  purposes. 

NH?  radical 

”2 

The  ground  X  B^  state  of  NH2  is  a  bent,  assymetrlc  top  with  an  angle  of 
103°  while  the  A  A^  state  may  be  described  as  linear,  corresponding  to  a  II 
electronic  level.  This  large  difference  in  equilibrium  geometries  leads  to 
large  changes  in  the  bending  quantum  v^  for  Intense  bands,  v^  must  change  by 
two  units  due  to  symmetry  considerations,  leading  to  bands  too  far  to  the  red 
to  be  seen  here.  In  the  ground  state,  the  rotational  levels  (ignoring  spin) 
are  described  by  the  total  angular  mementum  M  and  its  projections:  along 

the  axis  parallel  to  the  H-M-H  linear  axis  and  perpendicular  to  the 
molecular  plane.  In  the  excited  state,  Ka  is  (as  in  X^n  NCO)  the  sum  of  one 
unit  of  electronic  orbital  angular  momentum  plus  the  vibrational  angular 


momentum;  it  thus  takes  on  even  values  (0,2,. ••)  for  odd  V2'  and  odd  values 
for  even  V2*.  The  selection  rules  are  AKa  ■  ±  1,  and  AKC  »  even  with  zero  the 

p 

strongest.  The  most  intense  features  are  the  heads  of  the  so-called  Z 

bands  (odd  V2*)  and  the  heads  of  the  II  bands  (even  V2')«  These  produce  3 

and  4  emission  branches  respectively.  Because  of  electronic  spin,  each  branch 
is  double,  and  nuclear  spin  statistics  produce  a  1:3  population  ratio  in 
alternate  ground  state  levels. 

Figure  5  exhibits  the  vibrational  levels  pertinent  to  flame  diagnostic 

LIF.  The  basic  spectroscopic  source  for  NHj  is  the  absorption  study  of 
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Dressier  and  Ramsay,  and  there  are  several  useful  recent  conventional 
23  24—27 

spectroscopic  and  flow  system  LIF  studies.  The  emission  and  LIF 

spectrum  extends  throughout  the  entire  visible  region,  with  a  maximum 
intensity  near  590  nm. 

In  the  flames  studied,  the  absolute  NH2  signal  level  has  been  adequate 

but  major  noise  sources  are  posed  by  background  flame  emission  and  a  complex, 

thus  far  unidentified,  LIF  excitation  spectrum  (perhaps  NO2  and/or  hot  bands 

of  NH2,  also  observed  optoacoustlcally)  underlying  the  assigned  features. 

Most  of  our  effort  has  been  devoted  to  optimizing  the  desired  signal  in  the 

midst  of  this  background.  Of  course  in  other  flames  such  as  hydrocarbon-air, 

different  interference  problems  may  be  present.  Figure  6  shows  a  typical 

excitation  spectrum  and  a  scan  of  flame  emission  in  the  same  band. 

Interference  from  flame  emission  can  be  minimized  by  using  narrow  temporal, 

spatial,  and  wavelength  resolved  detection  of  LIF  in  the  redder  bands. 

Altogether  we  have  investigated  8  excitation  bands  between  570  and  660  nm. 

The  most  Intense  fluorescence,  about  2/3  of  the  total,  occurs  in  the 

vlv2^  *  000  band  in  each  case;  the  remainder  is  typically  spread  over  the 
-  2 

terminal  X  B^  010,  100,  and  020  states  with  a  smaller  amount  in  030.  When 


the  VjVgO  «-  OOO  band  is  excited,  observation  in  the  same  band  requires 
narrower  spectrometer  slits  to  discriminate  against  the  the  laser  scatter,  so 
that  only  one  of  the  fluorescing  rotational  branches  may  be  detected  at  one 
time.  The  NHj  appears  not  to  undergo  significant  energy  transfer  while  in  the 
upper  state,  but  emits  primarily  from  the  pumped  level  (see  below).  Thus  the 
coarse  rotational  structure  of  the  t'ranslton  means  that  R  or  P  branch 
fluorescence  following  Q-excitation  will  occur  at  different  wavelengths  for 
different  N* ,  requiring  scanning  of  the  spectrometer  together  with  the  laser 
for  an  excitation  scan.  This  phenomenon  was  observed  for  090  excitation. 

The  underlying  background  LIP,  and  total  absorption  measured 
optoacoustlcally,  makes  it  inadvisable  to  obtain  flame  profiles  for  NH2  by 
simply  parking  on  one  excitation;  rather  a  scan  through  the  head  as  in  Fig.  6 
should  be  made  at  each  position.  Observation  of  the  bands  red  of  the  laser  is 
generally  preferable,  so  as  to  reduce  flame  emission  Interference.  This  also 
permits  wider  slits  centered  on  a  Q-head,  and  eliminates  the  double-scanning 
problem  noted  above.  Excitation  of  VjVjO  Prom  010  or  100  and  observation  of 
VjV^O  ♦  000  yields  comparable  intensities  to  the  opposite  scheme  but  flame 
emission  is  worse  when  observing  the  bands  at  shorter  wavelength.  In  general 
it  appears  best  to  both  excite  and  observe  as  far  to  the  red  as  possible  to 
avoid  the  background  problems,  even  though  the  band  intensities  become  weaker 
for  lower  V2' •  We  recommend  excitation  of  080  or  070  for  flame  diagnostic 
purposes. 

Figure  7  exhibits  a  scan  of  the  070  ♦  010  fluorescence  following  070  *• 

000  excitation.  Here  the  laser  pumps  overlapped  lines  of  one  of  each  doublet 
component  of  the  5qj  and  3q~  upper  state  levels.  It  can  be  seen  from  the 
resolved  branch  that  only  the  pumped  levels  emit.  The  lack  of 

transfer  to  the  4g^  level  is  a  symmetry-forbidden  collislonal  propensity 
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but  transfer  to  the  allowed  *01  level  is  not  seen  either.  A  similar  scan  of 
the  090  band,  however,  does  show  evidence  of  limited  rotational  energy 
transfer  from  the  3qj  upper  state  level.  More  detailed  examination  of  several 
levels  is  in  progress. 

In  the  flames  studied,  the  concentration  of  NHj  is  likely  hlgh^,  between 
101*  -  1015cm-3,  and  comparable  to  [OH]  in  these  rich  flames.  The  NH2  peaks 
at  the  flame  front  whereas  the  OH  persists  into  the  burnt  gases.  As  a  rough 
guide  to  overall  signal  levels,  we  have  compared  optoacoustlc  total  absorption 
and  LIF  Intensities  for  exciting  the  1,0  band  of  OH  (Pj7)  and  the  0,  10,  0 
band  of  NH2  (^QqN  head).  The  appropriate  oscillator  strength  for  the  NH2^  is 
about  1/3  of  that  for  OH. 2®  LIF  is  observed  in  the  0,0  Q-head  region  of  OH 
(~  80Z  of  total  emission)  and  0,10,0  ♦  0,2,0  (~  10Z)  for  NH^  Normalized  to 
unit  laser  pulse  energy,  the  OH  optoacoustlc  signal  (absorption)  is  about  40 
times  that  of  NH2  and  the  0B  LIF  is  about  250  times  larger.  This  suggests 
similar  fluorescence  quantum  yields  in  these  flames.  NH2  is  known  to  undergo 
fast  quenching  even  by  He2*,  while  OH  has  rapid  quenching  rates  for  NH^,  N20 
and  H20  as  collision  partners. 2^  Raman  signals  for  NH^  and  H20  comparable  to 
the  weaker  NH2  fluorescence  bands  were  observed  high  and  low  in  the  flame, 
respectively. 
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Table  I.  EXCITATION  AND  FLUORESCENCE  WAVELENGTHS 


NCO  BAND 


A  (P,  HEAD) 


A  (OBSERVE) 


A(Q-HEAD)  A( OBSERVE) 


000*000 

440.33 

465.0 

0,10,0*000 

571.0 

620c»  687 

000*100 

466.42 

440.0 

090*000 

597.9 

656d,  726, 

000*001 

481.09 

440.0 

0,11,0*010 

591.0 

543f 

000*200 

495.60 

437.5 

0,12,0*020 

607.2 

516f 

000*101 

511.71 

437.5 

080*000 

630.2 

695,  774e, 

010*010  p2E+ 

435.06 

462.5 

170*100 

651.2 

538f 

010*0102A 

437.56 

462.5 

0,11,0*100 

655.7 

543f 

010*010  k2I“ 

438.48 

462.5 

070*000 

662.1 

735,  82 

oio^)2o2n“ 

444.80* 

435.0 

010*010  th* 

448.35 

440.0 

010*110  p2I+ 

460.61 

435.0 

010*1102A 

462.22 

435.0 

010*110  x2l” 

464.56 

435.0 

010*011  p2I+ 

474.36* 

435.0 

010*0112A 

477.37 

435.0 

010*011* 2lf 

478.16* 

435.0 

ientlf  Icatioa ; 


Ceil  rotational  analysis. 


^Bands  listed  are  ealsslon  to  010,  020,  and  100  respectively  except  where  noted. 
eEalssion  at  375  also  usable  (0,10,0*000) 

^Emission  at  603  also  usable  (090*000). 

•Calculated  wavelength,  but  not  studied  la  this  work. 

*VjV20*000  fluorescence  wavelength. 


Fluorescence  is 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


L1F  scans  for  A-X  system  of  NCO  In  CH^/^O  flame, 
collected  at  -465  na  with  a  4  na  bandpass.  Top  scan:  total 
excitation  spectrum  over  the  full  range  of  one  laser  dye  (Couaarln 
440),  not  normalized  to  laser  power.  Middle:  4  na  portion 
covering  the  000-000  band,  with  Qj,  Pp  P2  and  °P12  heads  (left  to 
right)  aarked  by  arrows,  and  hot  bands  at  shorter  wavelengths. 
Bottoa:  region  from  P2  to  °P12  head  (0.45  na)  showing  rotatlonally 
resolved  °P12  branch. 

Pertinent  vibrational  levels  of  the  B,  A  and  X  states  of  NCO.  Note 
the  breaks  in  the  energy  scale.  Levels  are  arranged  for  clarity 
according  to  value  of  v2.  Those  with  v2  •  0  have  2n  symmetry 
(2q1/2  2n3/2^  in  the  X  and  B  states  and  2I+  In  the  A  state. 

For  v2-l  in  X,  there  are  4  levels:  2E+,  2A3/2  ^  2^5/2  ^not 
separated  in  the  figure),  and  2E+  in  order  of  decreasing  energy. 

For  v2»2  in  X,  there  are  also  4  levels:  2n“,  %7/2  and  ^$5/2*  8X1(1 
2fl+>.  In  the  A  state,  v2-l  has  2n  symmetry  and  v2«2  has  2E+,  2Z~ 
and  2a,  all  close  together. 

Excitation  scan,  detecting  at  440  na  with  4  na  bandpass,  through 
the  red  end  of  the  000-100  band.  The  two  heads  of  the  010+110ic2Z~ 
transition  are  also  aarked. 

Excitation  scans  with  detection  wavelengths  aa  marked  and  4  nm 
bandpass,  showing  the  difference  depending  on  observation  region. 
Bottoa:  000*001  band  seen  observing  000+000  emission:  °P12  and  P2 
heads  plus  R2  and  Q2  branches  as  the  laser  wavelength  Is 

decreased.  Top:  tuning  to  010+010  emission  to  pick  out  010+011 

2  —  2 

transitions  originating  from  <  I  near  478.5  na  and  from  A3/2  near 
478.2  na.  The  °P^2  head  decreases  less  than  the  P2  compared  to  the 
bottoa  scan  because  it  occurs  at  higher  J  levels  which  emit  more  to 
the  blue.  Running  throughout  the  spectrua  are  some  small 
unidentified  lines  belonging  to  neither  of  these  transitions. 


Figure  5  Vibrational  structure  in  NH«:  the  6  lowest  levels  having  vv-0  in 
*  2  •*  *) 

X  B  and  the  7  levels  in  A  A.  for  which  LIF  was  observed  in 

M  * 

this  study.  Note  the  break  in  energy  scale. 

Figure  6  Top:  LIF  excitation  scan  through  the  nost  intense  portion  of  the 
080-000  band  with  several  lines  narked.  Each  is  present  as  a 
doublet  due  to  the  spin-doubling;  note  that  the  upper  state 
perturbations  render  the  doublet  splitting  Irregular  with  N' . 
Bottom:  flame  emission  spectrum  in  the  same  region,  using  25  |w 
slits  in  the  3/4-m  spectrometer. 

Figure  7  Fluorescence  scan  of  the  070-010  band  following  excitation  near  660 
nm  in  the  070-000  band.  The  laser  is  overlapping  one  doublet 
component  of  the  5q5*5j5  transition  and  the  other  component  of 
^03*3 13  that  band,  so  the  fluorescence  seen  here  consists  of 
branches  from  each  level.  Note  the  absence  of  significant 
rotational  energy  transfer  as  evidenced  by  the  presence  of  only  two 
lines  in  the  branch. 
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ABSTRACT 

There  exists  a  well  recognized  need  for  a  critical  overview  of  the 
rate  data  that  goes  into  combustion  modeling.  Modelers  should  be  able 
to  consult  tables  of  parameters  for  combustion-relevant  reactions  that 
would  enable  the  calculation  of  relevant  rate  constants  as  a  function  of 
temperature  and  pressure  over  the  entire  range  of  Interest:  1000  K  to 
2500  K  and  0  atm  to  100  atm.  A  complete  tabulation  would  include  both 
uni-  and  bimolecular  reactions;  in  this  paper  we  focus  on  the  analysis 
of  unlmolecular  reactions.  The  approach  is  illustrated  with  unimolec- 
ular  "fall-off"  calculations  for  formaldehyde,  methane,  ethane,  butane, 
hexane,  and  octane. 
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I  INTRODUCTION 


The  unimolecular  pyrolysis  reactions  of  hydrocarbon  molecules  and 
radicals  that  occur  in  combustion  depend  on  temperature  and  pressure  in  a 
complex  manner  dictated  by  (1)  the  complexity  or  size  of  the  molecule  or 
radical,  (2)  the  threshold  energy  for  reaction,  and  (3)  the  details  of  the 
intermolecular  energy transfer  processes. 

In  the  simplest  model  of  unimolecular  reactions,  the  Lindemann- 
Hinsheltrood  reaction  scheme,  energization  by  collisions,  is  followed  by 
reaction  of  energized  species.  A*, 

A  +  M  t  A*  +  M 
A*  ♦  Products 

Solution  of  the  differential  rate  equations  in  the  steady-state 
approximation  produces  a  particularly  simple  expression  relating  the 
reduced  unimolecular  rate  constant,  k?l  to  the  reduced  pressure,  My! 

kr  -  My/  (1  +  My)  Cl) 

Here,  ky  is  the  ratio  of  the  unimolecular  rate  constant  at  pressure  M  to 
its  value  as  M  ♦  ky  ■  k/k*.  Also,  My  ■  (  k0/k*  )m,  where  k0[M]  is  the 
value  of  the  unimolecular  rate  constant  as  M  ♦  0. 

Since  the  Lindemann-Hinshelwood  model  neglects  the  pressure  depen¬ 
dence  of  the  relative  populations  of  the  manifold  of  energy  eigenstates  of 
A*,  as  wall  as  the  differential  depletion  of  these  populations  by  reaction 
of  A*,  it  predicts  that  kr  will  "fall  off"  from  its  high-pressure  limiting 


value  more  slowly  Chan  is  observed.  The  quantum  statistical  RRKM  theory 
corrects  this  deficiency. 

Troe^  has  developed  an  approach  for  modeling  the  pressure  and  temper¬ 
ature  dependence  of  unimolecular  reactions  of  ethane  and  smaller  molecules 
based  on  use  of  a  “corrected"  Lindemanrt-Hi ashelvood  model.  In  the  Troe 
approach,  the  corrected  reduced  unimolecular  rate  constant  is  defined  by: 

M 

*t  •  r*M  *  (2) 

Thus,  Troe  calculated  values  of  kr,  k0,  and  using  a  RRKM  model, 
and  developed  simple  formulae  for  expressing  the  “broadening  factor,"  F, 
as  a  function  of  temperature  and  pressure.  The  value  of  the  Troe  approach 
lies  in  its  retention  of  the  simplicity  of  the  Lindemann-Hlnshelwood  form 
and  the  ease  with  which  it  may  be  used  to  model  unimolecular  reactions  of 
molecules  important  in  combustion. 

In  this  paper  ve  have  applied  the  Troe  approach  to  the  study  of  the 
temperature  and  pressure  dependence  of  unimolecular  reaction  by  fission  of 
the  central  carbonrcarbon  bond  in  ethane,  butane,  hexane  and  octane  and  of 
the  carbon-hydrogen  bond  in  methane  and  formaldehyde.  We  have  not,  as  of 
this  writing,  carried  out  the  important  calculatlonal  studies  of  the 
effects  of  inefficiencies  in  colllsional  energy  transfer,  but  we  will  dis¬ 
cuss  some  aspects  of  this  problem  qualitatively  at  the  end  of  the  paper. 

II  METHOD  OF  CALCULATION 

For  the  calculation  of  the  reduced  unimolecular  rate  constant  as  a 
function  of  temperature  and  pressure,  we  have  used  the  RR&!  quantum  statis¬ 
tical  model.  Molecular  vibrational  eigenstate  densities  were  calculated 


with  use  of  Che  Whitten-Rabinovitch^  approximation,  and  anharaonie  correc¬ 
tions  were  made  according  to  the  procedure  developed  by  Haarhof.^  Vibra¬ 
tional  eigenstate  sums  for  the  activated  complex  were  calculated  with  use 
of  an  exact  count  routine.  Overall  rotational  degrees  of  freedom  were 
treated  as  adiabatic. 

Frequency  assignments  for  alkanes  were  based  on  the  generalized 
normal-mode  study  of  C2  to  saturated  hydrocarbons  of  Schachtschneider 
and  Snyder4  as  adapted  for  use  in  RRXM  calculations  by  Chua  and  Larson. ^ 

Frequency  assignments  for  activated  complexes  were  made  so  as  to  fit 
high-pressure  limit  A-factors:  log  Aa  -  16.3.  One  950  cm”*  C-C  stretch 
frequency  was  deleted  from  the  alkane  assignment  (reaction  coordinate)  and 
5  frequencies  in  the  alkane  (4-bending  modes  and  1-torsion  which  are  asso¬ 
ciated  with  the  breaking  C-C  bond  and  which  become  overall  rotations  and 
raaltlve  translations  in  the  products)  were  lowered,  until  the  correct 
valve  for  was  obtained.  Figure  1  shows  how  the  calculated  1^  for 
ethane  compares  to  determinations  reported  in  the  literature. 

Collision  frequencies  were  calculated  based  on  a  Lennard-Jones  model; 
collision  diameters  of  3  to  6  A  and  a  value  of  c/k  of  173  K  were  used  for 
the  ^-elkane  mixtures. 

Threshold  energies  for  central  C-C  bond  rupture  of  butane,  hexane, 
and  octane  were  fixed  at  80.0  keel  mol*1,  for  ethane  at  87.7  kcal  mol'1-, 
for  methane  at  105  kcal  mol“*  and  for  formaldehyde  at  90  kcal  mol“*. 

Ill  RESULTS 

Arrhenius  plots  of  the  RRXM  calculated  high-  and  low-pressure  race 
constants,  k*  and  kQ,  are  shown  by  Figure  2  for  the  ethane  through  octane 
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series.  The  characteristic  curvature  in  the  low-pressure  plots  is  especially 
pronounced  for  the  larger  molecules;  the  low-pressure  rate  constant  for 
octane  is  nearly  temperature  independent  at  high  temperature.  By  con¬ 
trast,  the  high  pressure  Arrhenius  plots  are  only  slightly  curved  upward; 
thus,  high  pressure  activation  energies  between  1000  K  and  2500  K  increase 
by  only  about  one  kcal  mol”*’. 

Figure  3  shows  a  comparison  between  the  Lindemantr-Hinshelwood  fall- 
off  curve  and  those  calculated  with  the  RKKM  model  for  octane  and  butane 
at  1000  K.  The  broadening  factor  at  the  center  of  the  fall  of  curve,  Fc, 
is  defined  at  ■  1  as  the  ratio  of  the  ky  calculated  by  RRKM  to  kr  cal¬ 
culated  with  the  Lindemann  model. 

Figure  4  illustrates  the  pressure  dependence  of  the  fall-off  broadening 
parameter  of  octane  at  1500  K  and  2500  K.  The  asymmetric  "Gaussian-like" 
shape  is  typical  of  all  molecules  and  the  minimum  value  of  F  is  found  only 
slightly  to  the  low  pressure  side  of  the  "fall  off"  center:  Fc  «  Taiaiava‘ 
Also,  the  pressure  range  over  which  the  deviations  from  Lindemann  fall-off 
behavior  are  significant  spans  several  orders  of  magnitude. 

Figure  5  shows  the  temperature  dependence  of  the  central  broadening 
parameter,  Fe(T)  for  the  five  alkanes  and  formaldehyde.  The  figure  shows, 
and  the  Troe  approach  predicts,  that  the  central  broadening  factor 
approaches  unity  at  the  zero  and  infinite  temperature  limits.  Also,  FC(T) 
for  the  larger  molecules  passes  through  a  minimum  near  1000  K;  the  minimum 
deepens  and  moves  to  lower  temperatures  as  the  molecular  size  increases. 


IV  DISCUSSION 

Th«  tamparature  dependences  of  high  end  low  pressure-limiting  rate 
constants,  kQ(T)  and  l^(T),  illustrated  by  Figure  2,  and  the  temperature/ 
pressure  dependences  of  the  Troe  broadening  factor,  F(T,M),  Illustrated  by 
Figure  4,  provide  all  the  information  required  to  vrite  parameterized 
analytical  functions  that  enable  facile  calculation  of  the  unlmolecular 
rate  constant,  k(T,P). 

High  and  Low  Pressure  Limits 

The  limiting  rate  constants  are  easily  written  in  the  customary  way 
as  3-paramater  functions  of  temperature: 


k0(T)  -  AT°  exp-B/T 

(3) 

and 

kw(T)  ■  CT®  exp-D/T 

(4) 

Figure  2  shows  that  C  and  D  are  very  close  to  the  high-pressure  Arrhenius 
A-factor  and  activation  energy,  respectively,  and  that  a  «  0. 

The  curvature  in  the  Arrhenius  plot  for  k0,  which  is  more  pronounced 
for  larger  molecules,  is  representable  to  within  1Z  by  the  nonlinear, 
3-paraaeter  expression.  Table  1  summarizes  the  results  of  parameter  eval¬ 


uation  from  least  squares  fits  of  these  expressions  to  the  kQ  and  k» 
calculated  from  RRKM  theory.  The  nonlinear  regression  algorithm  given  by 
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VALUES  OF  PARAMETERS  FOR  REPRESENTATION  OF 
HIGH  AND  LOW  PRESSURE  RATE  CONSTANTS 

[k0(T)  oolecule-cn“3-sec"1,  and  k»(T),  sec-1] 

1000-3000  K 


Molecule 

In  A 

n 

B/103  (K) 

In  C 

m 

D/103  (K) 

Ethane 

85.57 

-11.22 

207 

38.37 

0.246 

185 

Butane 

131.39 

-17.15 

180 

38.84 

0.028 

167 

Hexane 

97.74 

-13.52 

124 

38.84 

0.028 

167 

Octane 

43.12 

-  7.28 

66 

38.84 

0.028 

167 

Broadening  aa  a  Function  of  Pressure 

Troe  presents  chree  forma  as  successive  levels  of  approximation  to 
express  the  pressure  dependence  of  F  in  terms  of  Fc: 

(1)  Symmetric  broadening  about  Mr  ■  1.0: 


log  Pj  -  [  1  +  [(log  Mr>J^  1  lo8  Fc 


(5) 


(2)  Including  width  broadening: 
log  F2 


•(-[<  >]  )"  -  Fc 


(6) 


(3)  Including  width  plus  asymmetric  broadening: 


for  My  >  1: 

/  r  log  Mr  -  0.12 
log  F3  -  ^1  +  [(  o.85  -  0.67  log  F( 


-1 


)]  )  log  Fc 


(7) 
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Figure  6  shows  how  the  broedenlng  factor  from  Troe's  highest  level 
approximation,  Fj  (Troe) ,  compares  to  the  RBKM  calculated  broadening, 

F  (RRKM) .  The  figure  shows  that  the  Troe  expression  predicts  F  (M)  to 
within  30X  for  all  molecules  over  the  pressure  and  temperature  ranges 
studied.  The  simpler  expressions  (Eq  (6)  or  (7))  are  leas  satisfactory 
and,  since  they  are  not  significantly  easier  to  use,  they  are  not  recommended. 


Center  Broadening  as  a  Function  of  Temperature 

Troe  has  suggested  a  4-parameter  expression  to  describe  the  temper¬ 
ature  dependence  of  F  as  follows: 


Fe(t)  -  axp(-T**/T)  +  exp(-T/T***) 


+  a{  exp(-T/T*)-exp(-T/T***)) 


(9) 


We  have  evaluated  the  performance  of  a  similar  3-parameter,  2-term 
expression. 


FC(T)  ■  a  ( exp(-  b/T)  +  exp(-  T/c)  )  , 


(10) 


and  find  that  a,  b,  c  values  listed  in  Table  2  reproduce  the  RRKM 
calculated  F  (T)  shown  by  Figure  S  to  within  better  than  15Z. 


Table  2 


VALUES  OF  PARAMETERS  FOR  REPRESENTATION  OF 
FC(T),  1000-3000  K 


Molecule 

a 

b  00 

c  00 

Formaldehyde 

0.348 

301 

811 

Ethane 

0.352 

1966 

616 

Butane 

4.95 

7618 

465 

Hexane 

2.88 

5504 

306 

Octane 

2.61 

4613 

141 

Thus,  the  6  parameters  of  equations  (3)  and  (4)  (A,  n,  B,  C,  m,  D)  contain 
the  Information  required  to  construct  Lindemann  fall-off  curves  and  the 
three  parameters  of  equation  (10)  contain  the  Information  required  to  cor¬ 
rect  the  Lindemann  fall-off  to  the  more  realistic  fall-off  predicted  by 
the  RRXM  model. 

Weak  Colllalonal  Energy  Transfer 

In  the  preceding  calculations,  we  have  made  use  of  the  strong  colli¬ 
sion  approximation.  In  order  to  model  weak  collision  processes,  It  Is 
necessary  to  make  two  specifications:  (1)  the  form  of  the  function  relat¬ 
ing  the  probability  of  energy  transfer  during  a  collision  to  the  amount  of 
energy  transfer  and  (2)  the  average  amount  of  energy  transfer  per  collision. 

Troe  has  examined  weak  collision  models  for  a  variety  of  molecules 
amd  found  that  the  center-broadening  factor  in  weak  collider  fall-off  was 
related  to  the  strong  collider  fall-off  by  the  empirical  approximation 

pwc  „  pO.U  Fsc 
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Here,  3  is  the  collisional  efficiency,  defined  by  3  -  k  /k  ,  where  k 

0  0  o 


la  eh*  low  pressure-limiting  rate  constant  for  the  weak  collider.  Thus  ,  3 
becomes  a  scaling  factor  in  the  reduced  pressure  appropriate  to  weak  collider 
fall-off: 


wc 


kWC  M/k 
o  ■ 


e  p; 


sc 


Troe's  approximation  shows  that  computed  fall-off  behavior  in  weak-collider 
systems  is  much  more  sensitive  to  the  absolute  value  of  3  used  as  a  scaling 


factor  in  p^  than  to  the  additional  broadening  brought  about  by  the  weak 


collision  model. 


Relevance  to  Combustion 

As  a  first  approximation  to  weak  collision  fall-off  calculations,  we 
may  ignore  weak  collision  broadening.  The  more  Important  parameter,  3,  as 
a  scaling  factor  in  pr,  is  retained  and,  in  a  "Lindemann-like"  approxima¬ 
tion,  the  weak  collider  model  reduces  to  a  quasi-strong  collider  model 
where  the  probabilities  that  a  collision  will  be  either  strong  or  elastic 
are  3  and  l  -  3,  respectively. 

The  evidence  on  the  temperature  dependence  of  3  is  mixed*"3  and,  for 
the  moment,  we  will  Ignore  this  very  lmporant  aspect  of  the  problem. 

Figure  7  shows  the  relationship  between  temperature  and  weak  collider 

WC 

pressure  at  the  center  of  the  fall-off  P  ,  for  each  of  the  molecules 

c 

studied.  To  define  the  pressure  axis,  the  quasi-strong  collider  model 
with  3  ■  0.1,  independent  of  temperature,  is  used. 


A  "combustion  window"  may  be  defined  by  the  pressure  range  (1-100  atm) 
and  temperature  range  (1000-2500  K),  which  are  relevant  to  combustion  pro¬ 


cesses.  Thus,  a  molecule  whose  Pe  vs.  T  curve  passes  through  the  combus¬ 
tion  window  exhibits  its  maximum  deviation  from  Lindemann  behavior  within 
this  important  pressure  and  temperature  range.  At  pressures  two  to  three 
orders  of  magnitude  above  or  below  their  Pc  vs.  T  curve,  the  molecules  are 
in  their  high-  or  low-pressure  limits. 

Larger  molecules  enter  the  window  at  higher  temperatures  where  their 
Fc  values  are  larger.  Thus,  values  of  Fc  within  the  "combustion  window" 
are  greater  than'**  0.2  for  all  molecules  of  the  current  study.  For  mole¬ 
cules  larger  than  butane,  fall-off  need  be  considered  at  temperatures 
greater  than  about  2000  K.  Below  1500  K,  the  larger  molecules  are  in 
their  high-pressure  limit.  For  methane  and  ethane,  maximum  broadening 
occurs  at  about  1500  K,  and  fall-off  considerations  are  Important  at  all 
combustion  temperatures.  For  formaldehyde  at  1500  K,  a  weak  collider 
pressure  of  ~  100  atm  would  be  required  to  bring  its  decomposition  to  the 
center  of  the  fall-off.  At  l  atm,  formaldehyde  pyrolysis  is  in  its 
second-order  limit  at  temperatures  greater  than  1000  K. 

Competitive  Multiple  Reaction  Channels 

Ethane  and  the  higher  alkanes  contain  multiple  dissociation  channels 
for  C-C  and  C-H  bond  rupture  which  have  not  been  considered  in  the  present 
calculations.  Generally,  C-H  rupture  is  10-20  kcal  mol-*’  more  endothermic 
than  C-C  rupture.  Under  conditions  where  C-H  and  C-C  rupture  are  both  in 
the  high-pressure  limit,  C-H  rupture  (per  C-H  bond)  may  amount  to  as  much 
as  one-half  percent  of  C-C  rupture  (per  bond)  at  1000  K.  At  3000  K,  the 
C-H  rate  approaches  20  percent  of  the  C-C  rate  on  a  per-bond  basis. 


In  the  fall-off  and  low-pressure  limits,  C-H  rupture  would  tend  to  be 
less  competitive  with  C-C  rupture.  However,  it  is  important  to  note  that 


at  pressures  lower  than  the  high-pressure  limit,  different  dissociative 
channels  cannot  be  treated  as  if  they  were  independent  of  one  another. 
For  example,  in  the  dissociation  of  ethane,  two  processes  that  require 
consideration  are: 


c2h6  * 

2  CH3 

Ca) 

c2a6  * 

C2Hj  +  H 

(b) 

It  would  be  inappropriate  to  use  a  “fall-off"  curve  for  channel  (b)  that 
was  derived  in  the  manner  described  here  for  a  single-channel  process, 
since  at  pressure  below  the  high-pressure  limit,  competition  by  channel 
(a)  would  lower  the  rate  constant  below  that  predicted  by  such  a  treat¬ 
ment.  A  more  correct  treatment  for  multi-channel  processes  is  currently 
being  developed. 

Computer  Code  for  Inclusion  of  Pniaolecular  Fall-Off 

The  computer  codes  for  solution  of  the  coupled  differential  equations 
which  are  generated  by  a  chemical  mechanism  requires  the  elementary  reac¬ 
tions  and  their  rate  constants.  The  value  of  retention  of  the  Lindemann 
form  for  unlmolecular  processes  is  made  apparent  in  the  simple  code  it 
generates  for  computing  both  the  temperature  and  pressure  dependence  of 
these  reactions.  Thus,  in  the  case  of  ethane,  we  would  write: 

(1)  c2h6  *  ch3  +  ch3  ^diss  -  H.U  -  p"1 2)'1  F 

(2)  CH3  +  CH3  -  C2H6  '<Sr.c  -  1^(1  -  p;1)-1  F  .  Keq 
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S  S'. 


The  "fall-off"  behavior  of  Che  rate  constant  for  the  reverse  recombina- 


.  •  ■ 


tion,  krec<T,P),  is  related  to  kdiaa(T,P)  by  detailed  balancing, 
Keq  "  ^diss^rec* 


Conclusions 

The  initiation  of  combustion  is  governed  by  the  reaction  that  pro¬ 
duces  an  H-atom,  i.e.,  the  unimolecular  decomposition  of  the  fuel.  These 
calculations  indicate  that  both  methane  pyrolysis  (CH4  ♦  CH3  +  H)  and 
ethane  pyrolysis  (C2Hg  ♦  CH3  +  CH3)  are  near  their  maximum  pressure 
sensitivities  at  combustion  temperatures.  A  simple  computer  code  is  pre¬ 
sented  to  Include  the  pressure  and  temperature  dependence  of  these  impor¬ 
tant  reactions  in  terms  of  9-parameters  and  the  collision  efficiency,  0  : 


k<iu.  ->  (>  +ft  )'1  r 

/  \ 

3  parameters  6  parameters  9  parameters 


CT™ 


exp 


-  D/T 


Pr  *  Pr(Pk0[Mj,kJ  F  -  F  (pr,Fc  (P,a,b,c)) 


-  A  T°  eip'B/T 


The  Lindemann  model  generates  the  maximum  sensitivity  of  kdiaa  to 
pressure  and  requires  6-parameters  and  0  .  Application  of  the  RRKM 
correction  causes  fall-off  to  occur  over  a  broader  pressure  range  and 


thus,  desensitizes  k^gg  to  pressure.  If  weak  collider-broadening 

,0.14 


corrections  are  also  applied  (by  Troe's  0  ’  factor),  k£jiaa  is  even  less 
sensitive  to  pressure. 

Finally,  the  fall-off  behavior  of  the  reverse  combination  reaction 


may  be  coded  with  three  additional  parameters  (S,  l,  H)  to  specify  the 


-H/T 


equilibrium  constant,  keq  =  S  T  e 
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Figure  4  -  Broadening  Factor  as  a  Function  of  Reduced  Pressure  and 
Comparison  with  Troe  Approximation  -  Octane 
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MODELING  THE  CHEMICAL  NETWORK  OF  THE  N20/CH20  FLAME 


C.  William  Larson  and  David  M.  Golden 


Abstract 


In  this  paper  we  consider  a  chemical  network  for  the  N2o/CH20 
flame.  Two  reaction  branches,  Initiated  by  H-atom  attack  on  the 
oxidant,  are  described: 

C/H/O  Branch 


H  +  N20  +  NNOH  ♦  N2  +  OH 


(3) 


C/H/N/O  Branch 


H  +  N20  ♦  HNNO  NO  +  NH 


(20) 


Reaction  simulations  of  the  C/H/O  branch  at  2500  K  with  a  mechanism  of 
17-elementary  reactions  showed  that  reaction  (3)  consumes  almost  all  the 
oxidant  and  releases  the  majority  of  the  chemical  energy. 

Recent  laser  probes  of  H2/n2o  and  CH4/N20  flames  at  ~  2000  K  have 
revealed  NH  in  concentrations  near  42  of  the  OH. 

An  approach  is  described  for  modeling  the  NH/OH  branching  through 
HNNO  and  NNOH  intermediates  and  includes  isomerisation  of  postulated 
intermediate:  HNNO^NNOH. 

Production  of  NH  by  reaction  (20)  precipitates  a  complex  chemistry 
involving  N-containlng  species.  Production  of  the  C-N  linkage  occurs 
through  NH  addition  to  the  unsaturation  in  CO: 


^  O  ejfl 


(21) 


NH  +  CO  *  HNCO 


Isocyanic  acid  may  be  collislonally  stabilized  and  undergo  reactions 
with  the  radical  pool  or  react  by  competitive  unimolecular  reactions  to 
generate  a  variety  of  carbon-nitrogen  species  (e.g. ,  NCO,  CNO,  CM,  HOCN) 
that  are  sensitive  to  laser  probe  techniques. 


I  INTRODUCTION 


The  N2O/CH2O  flame  Is  Che  most  simple  flame  containing  all  of  the 
four  mosc  important  elements  of  combustion  chemistry:  H,  N,  C,  and  0. 
The  model  of  its  chemical  network  Is  an  important  basic  element  of  the 
more  extensive  networks  one  would  create  to  model  the  ignition  and  pro¬ 
pagation  properties  of  nitramlne  propellants*  As  part  of  this  research, 
we  have  considered  the  elementary  reactions  plausible  for  this  flame. 
This  document  summarizes  some  preliminary  ideas. 

The  N2O/CH2O  flame  chemistry  is  composed  of  two  main  branches. 

Host  of  the  oxidation/reduction  occurs  through  a  C/H/0  network  that 
Dean,  Johnson,  and  Steiner*  (DJS)  have  modeled  with  an  elementary 
reaction  set  composed  of  19  reactions  and  13  species  (see  Table  I).  The 
model  fits  data  obtained  from  shock  tube  experiments  (1600  to  3000  K)  on 
formaldehyde  loss,  carbon  dioxide  production,  and  oxygen  atom  concentra¬ 
tion  profile  between  1  and  60  ps.  Also,  both  oxygen  and  nitrous  oxide 
oxidant  were  studied  in  various  dilute  argon  mixtures • 

With  the  DJS  model  (extrapolated  to  a  stoichiometric  flame  mixture 
at  1  atmosphere  pressure),  almost  all  the  oxidant  is  consumed  through 
reaction  (3): 

H  +  N20  +  N2  +  OH  (3) 

even  though  the  value  of  k3  used  is  eight  times  lower  (at  2000  K)  than 
the  widely  used  value  published  in  the  review  by  Baulch  and  co-workers 


(BDHL) .  Most  recently,  Catcollca  and  co-workers'3  used  the  BDHL  value 
to  model  experimental  results  from  an  N20/H2  flame,  for  example.  In 
addition,  the  OJS  model  uses  rate  constants  for  fuel-consuming 
reactions: 


CH20  +  M  ♦  HCO  +  H  +  M  (9) 

and 

CH20  +  OH  ♦  HCO  +  H20  (4) 

which  are  also  at  least  ten  times  lower  than  the  values  previously  used 
to  model  methane  oxidation.^' 5 

Compelling  evidence  for  the  existence  of  the  second  branch  of 
N20/CH20  flame  chemistry  was  recently  obtained  by  Cattolica  and  co¬ 
workers  (CSD).3  in  the  CSD  research,  NH  amounting  to  about  4Z  of  the  OH 
was  measured  with  laser  probe  of  the  H2/N20  flame.  The  NH  production 
was  attributed  to 


H  +  N20  ♦  NH  +  NO  (20) 

The  branching  ratio,  Rb  *  't20'/'t3»  derived  from  the  model  of  the  chemical 
network  was  0.04  at  2000  K. 

Previously,  Baldwin  and  co-workers  (BGPW)^  studied  the  H2/N20 
system  in  a  batch  experiment  at  913  and  873  K  and,  through  analysis  of  a 
simple  model,  derived  •  0.0041  ±  .005.  Coupling  of  the  flame  study 
to  the  batch  study  yields  an  "apparent"  activation  energy  difference  of 
7  kcal  mol”1: 


Rh«*  exp  -  7000/RT. 


Additional  evidence  supporting  the  existence  of  reaction  (20)  may 
be  found  in  the  laser  probe  experiments  by  Anderson  and  co-workers 
(ADK)^  on  the  ^O-supported  methane  flame.  Here,  in  the  flame  region 
where  NH  and  OH  concentrations  were  maximum,  concentration  ratios  of  NH 
to  OH.  of  about  0.04  were  measured. 
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II  SIMULATIONS  OF  THE  C/H/O  BRANCH 


The  DJS  model  of  Che  C/H/O  branch  is  composed  of  reactions  (1) 
through  (19)  as  summarized  in  Table  I.  The  reaction  of  a  stoichiometric 
mixture  of  N£0  and  CH2O  sc  1  atm  pressure  and  2500  K  was  simulated  on 
a  computer  using  this  19-step  mechanism.  All  reverse  reactions  were 
Included  in  the  simulation.  Reverse  rate  constants  were  computed  from 

fl 

the  tabulated  equilibrium  constants  and  the  DJS  values  of  the  forward 
rate  constants. 

Figure  1  shows  the  rate  of  each  reaction  as  a  function  of  reaction 
time.  Table  1  lists  the  reactions  in  order  of  decreasing  reaction  rate 
as  computed  at  0.8  tis,  near  Che  time  where  the  reaction  is  proceeding  at 
its  maximum  rate. 

The  figure  and  table  provide  a  picture  of  the  role  of  the  various 
reactions  in  initiation  and  propagation  of  the  N2O/CH2O  flame. 

Initiation  occurs  by  pyrolysis  of  the  oxidant: 

N20  +  M  ♦  N2  +  0  +  M  (5) 

and  branching  occurs  by  O-atom  reaction  with  the  fuel: 

0  +  CH20  ♦  HCO  +  OH  (6) 

By  contrast,  in  02-oxidant  systems,  initiation  by  fuel  pyrolysis  pro¬ 
duces  H-atoms  and  branching  occurs  by  H-atom  reaction  with  oxidant.  For 


Table  1.  LIST  OF  REACTIONS  OF  THE  C/H/O  BRANCH3 


Reaction 


Fuel  and  Oxidant  Reactions 


1. 

M  +  HCO  - 

-  H  +  CO  +  M 

I 

2. 

H  +  H2C0 

-  HCO  +  H2 

I 

3. 

H  +  N20  ! 

-  OH  +  N2 

] 

4. 

OH  +  CH20 

-  HCO  +  H20 

I 

5. 

M  +  N20 

-  0  +  N2  +  M 

] 

6. 

0  +  ch2o 

-  OH  +  HCO 

I 

7. 

OH  +  HCO 

-  CO  +  h2o 

8. 

H  +  HCO  ■ 

-  CO  +  h2 

1 

9. 

M  +  CH20 

-  HCO  +  H  +  M 

] 

10. 

O  +  HCO  ' 

-  OH  +  CO 

I 

11. 

o  +  n2o  ■ 

■  n2  +  02 

t 

12. 

O  +  N20  ■ 

-  NO  +  NO 

1 

Reversible  Reactions 

13. 

OH  +  H2  - 

H  +  H20 

] 

(13R)  (H20  +  H  ' 

-  H2  +  OH) 

0 

14. 

O  +  h2  - 

H  +  OH 

i 

(14R) 

(H  +  OH  - 

h2  +  0) 

0 

15. 

OH  +  CO  - 

H  +  C02 

] 

(15R) 

(H  +  C02  1 

■  CO  +  OH) 

(I 

16. 

OH  +  OH  - 

o  +  h2o 

1 

(16R) 

(0  +  H20  ’ 

-  OH  +  OH) 

(1 

17. 

OH  +  0  -  I 

a  +  o2 

1 

(17R) 

(H  +  02  - 

OH  +  0) 

(1 

Reactions  Important  With  0?  Oxidant 

18.  0  +  CO  +  M  -  C02  +  M 

19.  02  +  CO  -  C02  +  0 


Ratec 

at  Tf  »  0.8  ns 


log  K 


0.007 

0.002 


“Rate  constants  foe  simulations  were  taken  from  Ref.  1 
^Initiation,  Propagation,  Branching,  Termination. 
cUnits  are  10”^  mol-cnf^-sec-^,  Ref.  8. 

^kcal  mol”*-,  Ref.  8. 

Concentration  units,  mol  cm~^. 


+H  (3) 


0  4  1  6  6  4  25.6  0  1  0  4  1.6  6  4 

REACTION  TIME  (microseconds)  REACTION  TIME  (microseconds) 


example,  in  the  oxidation  of  methane  by  oxygen,  initiation  by  CH^  +  M  -*■ 
CH3  +  H  +  M  is  followed  by  branching  via  H  +  O2  *  OH  +  H.  Thus,  in  a 
N20-supported  flame,  branching  would  be  enhanced  by  a  richer  mixture, 
whereas  in  an  oxygen-supported  flame,  branching  would  be  enhanced  by  a 
leaner  mixture.  This  difference  between  the  effects  of  stoichiometry 
would  also  show  up  in  the  initiation  properties. 

Branching  through  O-atom  reaction  with  H2 

0  +  H2  ♦  OH  +  H  (14) 

plays  a  secondary  role  in  both  N2O—  and  02~supported  flames.  Formyl 
radical  pyrolysis,  reaction  (1),  is  so  rapid  at  this  temperature  that 
its  concentration  is  likely  to  be  too  low  to  enable  detection. 

The  figure  and  table  show  that  about  50  to  80%  of  N20  is  consumed 
by  H-atom  via  reaction  (3).  The  rates  of  the  ^O-consuming  reactions  at 
0.8  ii8  are  as  follows: 


Reaction _  Rate  (mol  cm~^  s~*~) 


N20  +  H  -*•  OH  +  N2 

0.32 

(3) 

N20  +  M  *  N2  +  0  +  M 

0.085 

(5) 

N20  +  0  *  NO  +  NO 

0.0025 

(12) 

n2o  +  0  ■*  o2  +  n2 

0.0025 

(ID 

Thus,  if  the  branching  ratio  for  NH  production  by  H  +  N2O  is  near 
0.04  as  the  H2/N2O  flame  study  indicates,  the  net  yield  of  NH  that 
becomes  available  for  reaction  with  the  radical  pool  is  2  to  3%  of  the 


amount  of  oxidant. 


A  simulation  thac  includes  a  C/H/N/O  reaction  branch  is  planned  to 
determine  the  effects  of  processing  this  large  amount  of  material  on  the 
C/H/O  branch.  Because  the  NH  radical  may  strongly  perturb  the  concen¬ 
tration  relationships  among  OH,  H,  and  0  and  because  NH  may  consume  the 
material  from  which  it  is  produced  (NH  +  N2O  ♦  N2  +  HNO),  the  amount  of 
material  processed  in  the  C/H/O  branch  of  the  network  may  be  signifi¬ 
cantly  reduced.  The  low  rate  constants,  which  are  required  in  the 
unperturbed  C/H/O  branch  to  fit  the  DJS  data,  will  be  raised  by  an 
amount  chat  depends  on  their  sensitivity  to  Che  NH  perturbation. 

Reverse  reactions  that  reform  fuel  or  oxidant  are  unimportant  in 
the  model.  However,  equilibria  among  the  various  O/H  species  (0,  H,  OH, 
02,  H2,  H20)  must  be  Included,  reactions  (13R)  through  (17R)  in  Table 
1.  Oscillations  in  the  races  of  the  faster  (forward)  components  of 
these  equilibria  are  apparent  in  the  latter  stages  of  the  simulation. 
Figure  1.  These  oscillations  are  possibly  an  artifact  of  the  calcu¬ 
lation  that  will  vanish  when  the  time  increment  between  the  successive 
solutions  to  the  tlghcly  coupled  differencial  equations  is  shortened. 

Species  Profiles  from  Simulation  of  the  C/H/O  Branch 

Figure  2  shows  the  concentration  profiles  for  the  13  species  of  the 
C/H/O  branch.  The  figure  shows  results  from  three-hypothetical  models: 
Model  1  is  a  19-step  mechanism  without  reverse  reactions;  Model  2  is 
a  19-step  mechanism  with  reverse  reactions;  and  Model  3  is  a  19-scep 
mechanism,  with  reverse  reactions,  that  includes  a  series  of  steps  to 
synthesize  NH.  In  Model  3,  NH  is  produced  by  3-body  recombination  of  H- 
acom  and  NO,  followed  by  H  +  HNO  +  NH  +•  OH  as  has  been  estimated  by 
Tunder  and  co-workers.^ 
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THREE  MODELS  MODEL  1-SQUARES.  MODEL  7-TRIANGLES  ANO  MODEL  3-FILLEO  CIRCLES 


The  figure  shows  chat  failure  to  include  reverse  reactions  (Model 
1)  leads  to  unstable  solutions  for  the  profiles  of  CO,  0,  H£,  and  O2* 
This  instability  in  the  first  model  does  not  show  up  in  shock  tube 
simulations  where  the  fuel/oxidant  is  diluted  to  about  1  to  42  of  the 
total  pressure  of  1  atm.  The  effect  of  dilution  is  to  proportionately 
reduce  the  races  of  bimolecular  reactions  while  leaving  unimolecular 
reaction  races  unchanged. 

The  profiles  of  the  nitrogen-containing  species  (NH,  N,  and  HNO) , 
introduced  in  the  third  model,  show  chac  the  quantity  of  NH  synthe- 
sizable  through  H  +  HNO  ♦  HN  +  OH  (whose  race  constant  was  estimated  by 
Tunder  ec  al^)  is  far  coo  small  to  account  for  Che  observations  of  NH  in 


N20-supported  flames 


Ill  ELEMENTARY  REACTIONS  IN  THE  C/H/N/O  BRANCH 


Potential  Energy  Surface  for  H  +  Branching 

Although  the  minor  reaction  path  for  H-atom  consumption  of  N20 
probably  contributes  little  to  bulk  flame  properties  (e.g.,  temperature 
profiles,  heat  release,  flame  speed),  it  nevertheless  is  probably  the 
only  important  reaction  leading  to  the  nitrogen-containing  species  that 
could  or  already  have  been  observed  or  measured  by  laser  probe  tech¬ 
niques*  An  understanding  of  the  temperature  and  pressure  dependences  of 
the  branching  ratio  is  crucial  to  Che  calibration  of  the  behavior  of  the 
nitrogen-containing  species  that  might  be  used  as  flame  diagnostics. 

A  potential  energy  surface  for  the  dual-channel  reaction  of  H-atoms 
with  N20  may  be  estimated  as  shown  in  Figure  3  and  as  described  below. 

Table  II  lists  the  values  of  thermochemical  parameters  (heats  of 
formation,  AH°,  bond  dissociation  energies,  D®,  and  activation  energies, 
Eact)  that  may  be  used  to  establish  a  potential  energy  surface  for  the 
two  channels: 


H  +  N20  ♦ 

N2  +  OH 

(3) 

H  +  N20  ♦ 

NH  +  NO 

(20) 

The  CSD  flame  study  (2000  K)  and  BGPW  bulb  study  (873  K)  of  the  H2/N20 
system  establish  an  apparent  activation  energy  for  the  branching  ratio, 
k2o/k3,  as  follows: 

d(ln(k20/k3)] 

EacC  (apparent)  ■  R—  “  7.3  kcal  mol  1 


Table  II.  THERMOCHEMICAL  PARAMETERS  FOR  ESTIMATION  OF 
H  +  N20  SURFACE,  (kcal-mol-1) 


Species 

AHf298 

NH 

84.3 

NO 

21.6 

OH 

9.3 

H 

52.1 

n2o 

19.6 

HNNOH 

32.4 

(HNNOH)* 

(-6  to  30) 

HNNO 

59.1 

(NNOH)* 

(40.1)* 

NNOH 

51.8 

Bond 

°  298 

H-ONO 

78.8 

H-NNH 

71.5 

(H-NNH)* 

(59.8)* 

H-NNOH 

71.5 

H-ONNH 

78.8 

Reaction 

®act 

12 

11 

11 

11 

11 

10 

(14) 

This  estimate 
(This  estimate) 
This  estimate 


11 

10 

(12) 

This  estimate 
This  estimate 


H  +  N20  ■*  OH  +  N2 
(H  +  N20  +  OH  +  N2)* 
NH  +  NO  ♦  H  +  N20 


15.1 
(22. 0)* 
2.0 


These  values  are  alternatives,  but  they  were  not  used  to  estimate 
the  potential  energy  surface. 


Ic  say  cot  be  possible  Co  reconcile  chese  measured  high  and  low  tem¬ 
perature  branching  ratios  by  any  means  because  the  difference  between 
reaction  thresholds,  E2q  -  E3  is  about  21  kcal  mol-1': 

£20  *  23  -  AH°  (NH  +  NO)  +  EacC  (NH  +  NO  ♦  N20  +  H) 

-(AH^  (N20  +  a)  +  Eact  (H  +  N20  -  N2  +  OH) 

-  21  kcal  mol-1 


The  CSD  flame  model  lists  values  of  the  race  constants  as  follows: 
IC3  ■  7,60  z  10*^  eXp  -  15100/RT  cm-*  mol-*  s-*, 
k20  ■  3.80  x  10**  exp  -  34500/RT  cm^  mol-*  s-*. 


If  the  BGPW  experiment  has  been  properly  interpreted,  the  branching 
ratio  in  the  CSD  model  will  not  show  the  correct  temperature  dependence 
Casewic  and  Goddard*^  have  performed  generalized  valence  bond- 


configuration  interaction  calculations  on  various  isomers  of  NH2N0.  Th 


heat  of  formation  of  che  most  stable  Isomer,  a  near  linear  molecule: 


N  -  N 


waa  computed  to  be  At^  (HNNOH)  •  32.4  kcal  mol-*. 

Heats  of  formation  of  che  two  intermediates  may  be  estimated  by 


equacing  che  N-H  and  0-H  bonds  of  HNNOH  to  chose  of  trans-diimide  and 
trans-nitrous  acid,  respectively: 


AH°  (NNOH)  -  AH°  (HNNOH)  -  D®(H-NNH)  -  51.8  kcal  mol-1 

AH°  (HNNO)  -  AH°  (HNNOH)  -  D®(H-ONO)  -  59.1  kcal  mol-1 

Thus,  stable  Intermediate  species  may  be  established  on  the  potential 
energy  surface.  Hie  apparent  activation  energy  for  branching  depends  on 
the  way  that  the  isomers  interconnect  and  on  the  details  of  their  forma¬ 
tion  from  H  +  ^0* 

Figure  3  shows  the  surface  that  is  most  likely  to  produce  an 
apparent  activation  energy  for  branching  which  is  significantly  less 
than  the  difference  between  the  threshold  energies  of  the  branches, 

e20  “  e3* 

The  formation  of  NNOH  directly  from  reactants  is  excluded.  The 
reaction  sequence  may  be  visualized: 


NH  +  NO 


HNNO 


Because  the  isomerization  (3)  occurs  at  an  energy  level  where  the 
specific  rate  constant  for  Isomerization  is  nearly  energy  independent, 
the  activation  energy  for  formation  of  N2  +  OH,  3  composite  energy 
quantity,  is  principally  determined  by  the  threshold  energy  required  to 
from  HNNO*  from  H  +  N2®»  The  details  of  the  reactions  on  this  surface 
may  be  analyzed  by  performing  RRKM  calculations  on  the  three-channel 
competitive  unimolecular  decomposition  of  HNNO.  Whereas  the  average 
energy  of  the  HNNO*  formed  by  H  +  N20  is  at  the  same  level  as  HNNO 
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molecules  which  would  decompose  (co  H  +  N^O)  in  che  high  pressure  limit. 
Che  average  energies  of  che  HNNO  chat  decomposes  through  channels  2  and 
3  correspond  co  che  subscandally  lower  accivaCion  energies  in  che  low 
pressure  limie. 
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ABSTRACT 

Oxygen  and  nitrogen  atoms  in  a  low-pressure  flow  have 
been  detected  by  observing  near-IR  fluorescence  (845-870  nm) 
from  states  excited  by  two-photon  absorption.  The  uv  exciting 
radiation  was  provided  by  coherent  anti-Stokes  Raman 
scattering  from  a  doubled  dye  laser.  Relative  two-photon  cross 
sections,  excited  state  lifetimes  and  quenching  rates  have  been 


determined . 


W  .  K .  8 i s  che 1 ,  et  a  1 . 

Molecular  Physics  Laboratory 
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(415)  859-5129 

DETECT  LON  OF  0  AND  N  ATOMS  BY  TWO-PHOTON  LASER  INDUCED 

FLUORESCENCE* 

SUMMARY 

The  sensitive  detection  of  ground-state  atomic  species  under 

non-ideal  experimental  conditions,  such  as  those  found  in 

combustion  research  or  plasmas,  has  been  a  problem  for  many 

years.  Single  photon  detection  techniques  such  as  resonance 

fluorescence  are  not  applicable  since  the  medium  is  generally 

opaque  at  vuv  wavelengths.  We  describe  here  a  new  general 

detection  scheme  for  atomic  species  based  on  two-photon 

excitation  using  wavelengths  which  will  be  transmitted,  and  its 

application  to  the  detection  of  oxygen1  and  nitrogen  atoms. 

14  -3 

Oxygen  and  nitrogen  atoms  at  ~10  cm  concentration  were 

produced  in  a  flowing  microwave  discharge  and  were  excited  on  the 

3  3  4  o  4  o 

two-photon  transitions  0(  P+3p  P)  and  N(  S  +3p  D  ).  The 
required  uv  laser  wavelengths  were  225  nm  and  211  nm 
respectively.  The  exciting  uv  radiation  was  provided  by 
stimulated  Raman  scattering  (third  anti-Stokes  order  in  11  o)  from 
a  frequency  doubled  dye  laser.  Detection  of  the  near  ir 
fluorescence  emission  (845-870  nm)  from  the  excited  state  formed 
the  observed  signal.  For  oxygen,  the  two-photon  absorption  cross 
section  was  measured  to  be  the  same  for  each  ground  state  fine 
structure  component,  (summed  over  the  final  state  fine 


structure).  For  nitrogen,  the  relative  two-photon  absorption 


cross  sections  from  the  ground  S  state  to  the  four  fine 


A  o 

structure  components  of  the  excited  state  were  in  the  ratio 

of  4:3: 2:1:  for  the  J  **  7/2,  5/2,  3/2,  and  i/2  states, 

respectively.  These  values  are  in  agreement  with  a  simple  theory 

based  on  angular  momentum  coupling  rules. 

In  addition,  radiative  lifetimes  and  quenching  rates  for  the 

excited  states  have  been  determined.  For  oxygen,  the  radiative 

lifetime  of  the  3p  P  excited  state  was  determined  to  be  34  nsec 

in  agreement  with  past  measurements,  and  the  rate  constant  for 

collisional  quenching  by  N2  was  found  to  be  2  x  10  ^cm^sec 

4 

For  nitrogen,  the  radiative  lifetime  of  the  ^7/2  exciCe^  state 
was  determined  to  be  30  nsec,  and  the  rate  constant  for 
collisional  quenching  by  N2  was  found  to  be  approximately  the 
same  as  that  for  0  atoms. 

In  summary,  the  atom  detection  technique  demonstrated  here 

provides  a  promising  new  way  to  sensitively  determine  atom 

concentrations.  Scaling  from  the  signal  levels  in  these 

experiments  indicated  that  a  modest  improvement  in  the  laser 

intensity  to  ~1  mJ/pulse  would  allow  atom  concentrations  on  the 
11  -  3 

order  of  10  cm  to  be  detected  under  low  pressure  conditions. 
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LASER-INDUCED  FLUORESCENCE  IN  SPECTROSCOPY,  DYNAMICS  AN!)  DIAGNOSTICS*  David  R. 

Croslev,  Molecular  Physics  Laboratory,  SRI  International,  Menlo  Park,  CA  94025” 

The  phenomenon  of  laser-induced  fluorescence  (LIE)  occvirs  when  a  laser,  tuned  to 
match  an  absorption  line  of  some  atom  or  molecule,  elevates  the  species  to  an  emitting 
electronically  excited  state.  Using  a  sufficiently  narrow  laser  bandwidth,  a  single 
rotatlonal-vibra' tonal  level  in  the  upper  state  can  he  excited.  Detection  of  all  the 
fluorescent  emission,  as  the  laser  is  tuned  through  a  series  of  absorption  lines,  (a  so 
called  excitation  scan),  yields  population  distributions  over  ground  state  internal 
levels,  whereas  a  scan  of  the  dispersed  fluorescence,  while  the  laser  pumps  a  single 
level,  provides  Information  about  the  excited  state.  The  clean  state  preparation 
afforded  bv  LIF  has  significant  advantages  for  spectroscopic  studies  and  the  inves¬ 
tigation  of  state-specific  collislonal  behavior.  As  a  diagnostic  tool,  LIF  provides 
considerable  species  selectivity  coupled  with  high  spatial  and  temporal  resolution  and 
non-tntruslve  nature;  It  is  especially  well  suited  for  t!  measurement  of  small  free 
radicals  present  in  flames,  plasmas,  and  the  atmosphere.  The  recent  availabilltv  of 
powerful  tunable  lasers  in  the  visible  and  ultraviolet,  coupled  with  stimulated  Raman 
frequency  shirting,  makes  possible  the  excltaclon  of  a  wide  variety  of  species  spanning 
the  wavelength  range  from  the  vuv  to  the  near  ir.  These  ittrlbutes  of  LIE  will  be 
discussed,  using  as  examples  snect  roscoplc  studies  on  energy  transfer  measurements 

in  OH,  two-photon  excitation  of  O  and  N  atoms,  and  the  'letectloe.  of  transient  radical 
species  in  flames.  The  author's  research  in  this  \  r.'M  is  supported  hv  the  i'.S.  Arm 

Research  Ofrlce  and  the  National  Science  -oundation  (vnei -leering  Energetics). 
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Introduction 


Laser-induced  fluorescence  (LIF)  is  the  laser  spectroscopic  probe  tech¬ 
nique^  suitable  for  measurement  of  the  transient  species  which  are  the  inter¬ 
mediates  in  combustion  chemistry.  To  date,  two  dozen  such  molecules  have  been 
detected,  in  flames  and/or  flow  systems,  using  LIF.  The  high  sensitivity 
afforded  by  LIF  follows  from  the  participation  of  a  real  electronically  excited 
state;  this  also  means  that  the  spectral  form  and  magnitude  of  the  signals  are 
affected  by  collisions,  whose  Influence  oust  be  known  for  a  fully  quantitative 
measurement. ^  Nonetheless  there  exist  many  cases  in  which  the  detection  of  some 
given  species,  at  an  appropriate  concentration  level,  can  provide  significant 
clues  as  to  the  chemical  mechanism  involved  in  the  combustion  process. 

^  We  report  here  the  results  of  LIF  studies  on  the  A  Z  -  X  11^  and  the 


B  -  X  11^  systems  of  the  NCO  molecule,  performed  in  a  discharge  flow  system 


at  low  pressure.  NCO  has  been  proposed  as  an  Intermediate  in  the  oxidation  of 
HCN  and  production  of  NO  in  nitrogen-containing  fuels,®  and  in  the  C2N2/O2 
flame, *  although  it  was  not  measured  in  those  cases.  It  has  also  been  sugges¬ 
ted^  as  a  potential  intermediate  in  hydrocar bon/ N2O  flames.  Recently,  NCO  has 
been  identified®  using  LIF  in  the  reaction  zone  of  CH^/N20  flames.  The  excita¬ 
tion  was  by  an  Ar+  laser  at  fixed  wavelengths,  which  overlap  lines  in  hot  bands 


of  the  A-X  system.  The  present  work  provides  some  of  the  spectroscopic  charac¬ 
terization  necessary  for  semi-quantitative  estimates  of  NCO  concentrations  from 
LIF  signals  in  flames. 

Both  absorption  and  emission  in  gas-phase  NCO  have  been  previously 
observed.  Dixon,  using  absorption  data  from  flash  photolysis  experiments,  per- 


formed  an  extensive  rotational  analysis  on  the  A-X  system  and  a  less  complete 
survey  of  the  B-X  system.®  These  have  served  as  a  key  starting  point  for  our 


investigations  and  assignments.  LIF  in  the  A-X  system  has  previously  been 
studied9  for  NCO  deposited  on  an  Ar  matrix  at  4°  K,  and  that  work  has  also 
provided  a  useful  guide. 


MP  81-140 
07/31/81 


.V.U,  V.'  JM  J  FJPJ.Pf  » _J1V-  Vl’.V- 


1  V*!  '."I'.l  1 


Experimental 


NCO  is  produced  by  the  gas-phase  reaction  F  +  HNCO  and/or  HOCN.  The  acid 
vapor  is  formed  in  a  small  reaction  vessel  containing  KOCN  and  stearic  acid  at 
~  100°  C,10  and  is  injected  into  a  glass  flow  system  of  moderate  pumping 
speed*  F  atoms  are  created  using  a  microwave  discharge  on  CF^  or  SFg  in 
~  1  torr  He.  Pressures  are  measured  with  a  Baratron  gauge. 

The  exciting  radiation  for  the  A-X  excitation  is  provided  by  a  Nd:YAG- 
pumped  tunable  dye  laser  which  has  been  frequency  shifted  by  stimulated  Raman 
frequency  conversion  in  ~  10  atm  of  l^.  The  second  order  antistokes  shifted 
radiation,  displaced  to  the  blue  from  the  input  by  twice  the  H£  vibrational 
spacing,  falls  in  the  appropriate  wavelength  region  using  rhodamine  dyes  in  the 
laser;  it  has  a  bandwidth  of  ~  0.15  cm”*  and  pulse  length  of  ~  8  nsec.  For 
the  B-X  excitation,  we  use  a  frequency  doubled  dye  laser  containing  rhodamine. 

The  fluorescence  emitted  at  right  angles  to  the  laser  beam  is  focussed 
through  a  filter  onto  a  photomultiplier  tube  wired  for  fast  response.  In  a  few 
runs  the  filter  was  an  interference-fllter/color-glass-filter  combination  but 
for  most  of  the  measurements  a  0.35  m  monochromator  was  used,  with  about  a  40  A 
bandpass.  The  slit  was  narrowed  to  a  5  or  10  A  bandpass  for  several  runs  in 
which  the  fluorescence  spectra  at  fixed  excitation  wavelength  were  measured. 
Signals  were  read  out  using  a  boxcar  integrator  (operated  in  the  scanning  mode 
for  lifetime  runs)  and  a  chart  recorder;  typically  a  1-2  second  (10-20  pulses) 
averaging  time  was  used. 


Results  and  Discussion 


2  + 

Four  vibrational  levels  o£  A  £  have  been  pumped  in  transitions  origin¬ 
ating  from  the  000  level  of  X  II  ^  (the  030  excitation  was  too  weak  to  permit 
experiments  beyond  its  observation).  An  excitation  scan  (fixed  detection  wave¬ 


length  while  the  laser  is  tuned)  of  the  001-000  band  has  been  rotationally 
assigned  following  Dixon’s  analysis lines  up  to  N  ~  40  in  each  of  the  eight 


observable  rota£iona£  branches  could  be  seen.  Using  line  strengths  calculated 
from  standard  E  -  II  equations  with  Dixon’s  spectral  constants,  rotational 


level  populations  in  the  ground  state  could  be  determined.  The  results  from  the 
Ri  +  *^91  branch  yield  a  temperature  of  310°  K,  in  accord  with  expectations  for 


R1  +  ^21  branck  yield  a  temperature  of  310  K,  in  accord  with  expectations  f 
this  room  temperature  experiment.  The  results  from  the  R2  and  the  Q2  +  Qr^ 


branches  yield  a  much  lower  temperature  (200°  K),  perhaps  indicating  a  detector 
spectral  bias.**  The  other  three  bands,  through  not  rotationally  analyzed  in 


detail,  show  the  expected  features  and  general  structure. 

Upper  state  lifetimes  were  measured  for  each  vibrational  level  (except 
030),  both  with  and  without  added  gases.  In  a  plot  of  the  decay  rate  vs.  added 
gas  pressure,  the  intercept  yields  the  radiative  lifetime  t  while  the  slope 
yields  the  collision-induced  decay  rate  k^.  The  results  are  listed  in  Table  1. 
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Table  1 


*Q<N2> 

10  cm  sec 


The  quoted  error  bars  are  statistically  determined  from  fits  to  the  lifetime 
runs,  and  do  not  Include  estimates  of  possible  systematic  errors;  only  an 
approximate  x  has  been  obtained  for  the  100  level.  The  background  gases  He, 
SFg,  and  CF^  were  found  not  to  noticeably  Influence  the  decay  rate  at  the 
pressures  used. 

The  radiative  lifetime  of  ~  430  nsec  Is  considerably  longer  than  the  value 
of  180  nsec  obtained  In  the  matrix  study. ^  A  comparison^  of  spectral  constants 
from  the  gas  phase  and  matrix  investigations  shows  that  the  matrix  does  not 
greatly  alter  the  potential  curves,  so  that  it  would  not  be  expected  to  affect 
the  transition  moment.  Thus  the  difference  is  likely  a  quenching  effect  due  to 
the  matrix  environment. 

The  measured  kg  could  be  the  sum  of  both  quenching  back  to  the  ground  state 
and  transfer  to  other  vibrational  levels  of  the  excited  state.  Fluorescence 
scans  were  made  at  zero  added  gas  pressure  and  with  the  addition  of  N£.  Several 
bands  could  be  identified  in  the  emission  from  each  vibrational  level  but  in  no 
case  was  the  spectrum  altered  noticeably  upon  the  addition  of  N2.  Thus  kqC^) 
can  be  ascribed  entirely  to  collislonal  quenching.  In  particular,  transfer 
downward  to  000  of  the  A-state,  a  strong  emitter,  is  not  seen.  The  100  and  020 
levels  are  in  Fermi  resonance,  and  the  fluorescence  spectra  In  the  matrix 
study^  showed  very  rapid  transfer  between  these  two  levels.  The  present  work 
demonstrates  that  gas-phase  collislonal  coupling  between  these  levels  is  not 
enhanced  by  the  existence  of  the  Fermi  resonance. 

Excitation  of  the  000-000  band  of  the  B-X  system  near  315  nm  has  also  been 
performed.  The  fluorescence  spectrum  shows  a  long  progression,  to  nearly 
500  nm,  in  the  bending  vibration.  Preliminary  lifetime  measurements  Indicate  a 
x(B)  of  50  nsec,  considerably  shorter  than  x(A). 

Conclusions 

From  the  radiative  lifetime,  calculated  line  strengths,  and  Franck-Condon 
factors  estimated  from  the  fluorescence  runs,  one  may  calculate  approximate 
absorption  coefficients  for  the  A-X  bands  excited  here  of  k  ~  5  x  10  N 
cm”*  where  N  is  the  number  density  (cm-^)  per  absorbing  leve?.  However,  the 
possibility  of  collisionless  state  mixing  in  triatomics,  exemplified  by 
can  cause  a  stronger  apparent  absorption  than  indicated  by  the  radiative  life¬ 
time  and  such  a  situation  cannot  be  ruled  out  here. 


& 


The  lade  of  energy  cransfer  means  chac  emission  from  laser-excited  A  E 
NCO  will  occur  from  the  vibrational  level  pumped,  and  not  from  lower-lying 
levels  as  is  often  the  case  for  diatomics  in  flames;  this  fact  then  dictates 
Chat  appropriate  detector  wavelengths  for  NCO  monitoring  correspond  to  emission 
from  the  level  directly  excited.  From  the  ratio  of  %  and  kq  values,  the 
fluorescence  quantum  yield  would  be  ~  0.2X  in  room  temperature  air  for  001 
excitation  but  may  be  higher  for  020  excitation. 

The  000-000  band  of  the  B-X  system  falls  in  a  convenient  wavelength  region 
for  laser  excitation.  Although  the  long  progression  in  the  fluorescence  spec¬ 
trum  leads  to  a  smaller  effective  quantum  yield  for  a  given  spectral  bandpass, 
the  shorter  lifetime  Indicated  in  the  preliminary  measurements  would  mean 
stronger  absorption  and  less  collisional  influence.  Hence  this  system  may  be  a 
better  choice  for  LIF  measurements  of  NCO. 
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LASER-INDUCED  FLUORESCENCE  IN  COMBUSTION  CHEMICAL  KINETICS*  David  R.  Crosley, 

Molecular  Physics  Laboratory,  SRI  International,  Menlo  Park,  California  94025 

In  laser-induced  f luorosccncc  (LIE),  the  absorption  of  a  laser  photon  promotes  a 
molecule  Co  an  electronically  excited  state  which  chon  radiates.  For  those  molecules 
which  can  be  made  to  fluoresce,  LIF  is  an  extremely  sensitive  and  selective  means  of 
their  detection.  Into  this  category  fall  some  20  species  (atoms,  diatomic  and  triatomic 
free  radicals)  which  are  intermediates  in  combustion  chemistry.  The  number  continues  uo 
expand  with  further  spectroscopic  studies  (e.g.,  NCO) ,  new  lasers  and  frequency 
conversion  methods  such  as  Raman  shifting,  and  the  use  of  two-photon  absorption  as  for  0 
and  N  atoms.  LIF  lias  thus  become  a  key  tool  for  the  understanding  of  combustion 
chemistry  through  the  nonlntrusive  measurement  of  flame  intermediates.  In  addition  to 
probing  flames  themselves,  LIF  can  also  be  used  in  related  kinetics  studies.  An  example 
is  measurement  LIF  of  the  time  dependence  of  radical  concentrations  in  isothermal  laser 
pyrolysis.  Here,  a  pulsed  CO.,  laser  is  absorbed  In  a  sample  seeded  wich  SF^,  causing 
rapid  heating  to  tcmperatures‘of  combustion  interest,  with  the  production  and  subsequent 
reaction  of  the  radicals.  For  example,  ^2^2  ^^SS0CiaCCi;  co  OH  radicals  at  T  >  1000K, 
and  the  OH  reaction  races  can  then  be  measured  at  hi,;h  temperature.  LIF's  capabilities 
and  limitations  (.chiefly  the  need  to  account  for  coLlisloeal  processes  in  the  excited 
gtate)  in  both  flames  and  combustion  chemistry  experiments,  will  be  discussed. 

Research  supported  by  the  Army  Research  office.  National  Science  Foundation,  Department 
of  Energy,  and  Wright  Aeronautical  Laboratories. 
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LASER  FLUORESCENCE  SPECTROSCOPY  OF  NCO.  Brian  J.  Sullivan,  Gregory  P.  Smith, 
and  David  R.  Crosley,  SRI  International,  Menlo  Park,  CA  94025. 

Laser-induced  fluorescence  of  the  NCO  A^I+  -  X^H  and  the  B^H  -  X^n 
systems  was  investigated  between  440-398  nm  and  316-314  nm,  respectively. 
Excitation  spectra,  fluorescence  spectra,  radiative  lifetimes,  and  quenching 
rate  constants  were  studied. 

NCO  has  been  proposed  as  an  intermediate  In  the  oxidation  of  nitrogen- 
containing  fuels,  and  has  recently  been  observed  in  the  reaction  zone  of  a 
CH^/^O  flame.*  The  present  work  provides  some  of  the  spectroscopic  charac¬ 
teristics  necessary  for  semi-quantitative  estimates  of  NCO  concentrations  from 
LIF  signals  in  flames. 

NCO  is  produced  by  the  gas-phase  reaction  F  +  HNCO  and/or  HOCN.  The  acid 
vapor  is  formed  in  a  small  reaction  vessel  containing  KOCN  and  stearic  acid  at 
~  100°C,  and  is  injected  into  a  glass  flow  system  of  moderate  pumping  speed. 
F-atoms  are  created  using  a  microwave  discharge  on  CF^  or  SF^  In  ~  1  torr  He. 

The  exciting  radiation  for  the  A-X  excitation  is  provided  by  a  Nd:YAG- 
pumped  tunable  dye  laser  which  has  been  frequency-shifted  by  stimulated  Raman 
frequency  conversion  In  ~  10  atm  of  H2«  Coumarin  dyes  and  second-order  anti¬ 
stokes  shifted  radiation  from  rhodamine  dyes  were  used.  The  laser  has  a  band¬ 
width  of  ~  0.15  cm-*  and  pulse  length  of  ~  8  nsec.  For  the  B-X  excitation,  we 
use  a  frequency  doubled  dye  laser  containing  rhodamine  640. 

The  fluorescence  emitted  at  right  angles  to  the  laser  beam  Is  focussed 
onto  the  slits  of  a  .35  m  monochromator  with  a  40  A  bandpass  for  excitation 
spectra,  and  a  1-10  A  bandpass  for  several  runs  in  which  the  fluorescence 
spectra  at  fixed  excitation  wavelength  were  measured.  A  boxcar  integrator 
and  a  chart  recorder,  with  2  second  (20  pulse)  averaging  time,  were  used  for 
signal  processing. 

2 

Transitions  from  the  ground  (0,0,0)  level  of  the  X  II  state  to  five  vibra¬ 
tional  levels  (0,0,0;  0,1,0;  1,0,0;  0,2,0;  0,0,1)  of  the  A^E+  state  were 
pumped;  excitation  scans  (fixed  fluorescence  detection  wavelength  while  the 
laser  is  tuned)  have  been  obtained  for  such  upper  state  vibration  level 

1 


studies.  These  spectra  can  be  rotationally  assigned  following  Dixon's 
2 

analysis . 

Emission  lifetimes  were  measured  for  such  vibrational  levels,  both  with 
and  without  added  gases,  to  obtain  radiative  lifetimes  (t)  and  collisional 
quenching  rates.  The  radiative  lifetime  is  410  nsec  and  is  relatively  insen¬ 
sitive  to  vibrational  level.  Our  measured  radiative  lifetimes  agree  well  with 
those  of  Reisler,  Mangir,  and  Wittig  ,  but  is  considerably  longer  than  the 
value  of  180  nsec  in  an  Ar  matrix^  study.  Collisional  quenching  rate  con¬ 
stants  for  the  0,0,1  level  are  3.0  x  10-11  and  1.1  x  10-1®  cm^  sec-1  for  N2 
and  O2,  respectively.  Similar  rates  were  measured  for  the  other  levels. 

Helium  was  found  to  have  a  small  collisional  quenching  rate  (<  1.5  x  10-1^  cm^ 
sec-1).  The  fluorescence  spectra  also  indicate  no  significant  collisional 
population  of  other  vibrational  levels  of  the  A-state  prior  to  quenching  or 
fluorescence. 

Fluorescence  spectra  (laser-fixed,  monochromator-scanned)  were  obtained 
for  excitation  at  band  heads  in  all  levels.  The  wavelengths  of  the  observed 
bands  agree  with  previous  determinations  of  X^II  vibrational  level  energies.^*' 
The  A^I  (0,1,0)  «■  X^Il  (0,0,0)  transistion  is  electronically  forbidden,  but 

weakly  allowed  due  to  vibronic  interaction.  Figure  1  shows  a  portion  of  the 


high  resolution  (1  A)  spectra  of  the  A^X  f(0,l,0)  +  xh  i(Vi.v  v  )  fluor¬ 

escence.  The  four  vibronic  components,  which  are  due  to  Renner-Teller  and 
spin-orbit  interactions,  of  the  0,1,0  level  of  the  ground  state,  were  easily 
seen.  The  lack  of  observable  A^Z  +  (0,1,0)  +  X^TI  1/2 ^ ® ® >  fluorescence 

indicates  this  transition  is  at  least  an  order  of  magnitude  weaker  than  the 
A  Z  (0,1,0)  X2n  (0,1,0)  transition.  Several  A^X  +  (0,1,0)  •*•  X^II 

(v^,2,v^)  fluorescence  bands  were  also  observed,  but  only  emission  to 

the  n  vibronic  component  was  seen.  Fluorescence  from  the  0,0,0  level  of 

2  + 

the  A  Z  state  shows  similar  behavior.  Possible  explanations  for  this 
phenomenon  are  being  pursued. 


An  excitation  spectrum  of  the  (0,0,0)-(0,0,0)  band  of  the  B^II  -  X"TI 

system  was  obtained  between  3156-3142  A  .  The  rotational  structure  is  very 

congested**,  and  only  the  R^  and  R2  heads  are  easily  discernible.  A  radiative 

2 

lifetime  of  63  nsec  was  measured  for  the  B  B  state,  considerably  shorter  than 

2  +  i 
the  A  Z  state  lifetime.  No  fluorescence  to  the  A-state,  or  A-X  emission  upon 

B-state  excitation  was  observed.  Quenching  rate  constants  for  N2  and  02  are 

1.3  x  10-10  and  2.0  x  10-10  cm3  sec-1,  respectively.  The  fluorescence  spectra 


show  long  progressions  in  the  ground-state  stretching  modes.  Derived  ground- 
state  vibration  constants  are:  (u °1  -  1286  cm-1,  u>°3  =  1925  cm-1;  X^  =*  -10.3 
cm  ^  X33  =*  -11.6  cm  1,  X^j  =  -27.8  cm  1.  Attempts  are  underway  to  derive 
potential  surface  information  from  the  fluorescence  spectrum  intensities. 


This  work  was  supported  by  the  U.S.  Army  Research  Office. 
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LASER  PYROLYSIS  STUDIES  OF  UNI  VC LECULA R  AND  B I  MOLECULAR  REACTIONS  OVER  1000  K: 

ORGANDMETA LU C  BOND  ENERGIES.  OH  REACTIONS 

G.P.  Smith  K.  E.  Lewis,  D.M.  Golden 
P.  W.  Fairchild,  and  D.  R.  Crosley 

SRI  International 
Menlo  Park,  California  94025  USA 

•  ABSTRACT 

A  pulsed  C03  laser  wn  s  used  to  heat  a  50  torr  gas  mixture  of  bath  gas, 

SFt  absorber,  and  reactant  molecules  to  1000-1500  K.  The  unlmolecular 
decomposition  kinetics  of  metal  carbonyls,  such  as  Fe(C0)s,  were  measured 
using  either  other  known  decomposition  reactions  or  both  gas  infrared 
fluorescence  as  a  thermometer.  First,  bond  dissociation  energies  for  these 
organometi 1  lies  were  determined  from  these  competitive  kinetics  measurements. 
Blmolecular  reactions,  such  as  OH  ♦  CH%  ,  were  also  measured  by  the  laser 
pyrolysis  method.  Hydroxyl  Is  formed  by  laser  pyrolysis  of  H202  ,  and  its 
temporal  evolution  Is  monitored  by  laser-induced  fluorescence  using  a 
variable  delay  pulsed  dye  laser.  Both  temperature  and  decay  rate  at  set 
methane  pressures  were  determined,  thus  furnishing  blmo 1  ecu  la r  rate  constants. 
The  general  features,  advantages,  and  limitations  of  this  new  h l gh - tempera t u re 
kinetic  method  will  be  discussed. 
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BIMOLECULAR  QUENCHING  RATE  CONSTANTS 
FOR  OH  AT  HIGH  TEMPERATURE 


Paul  W.  Fairchild,  Gregory  P.  Smith 
and  David  R.  Crosley 
Molecular  Physics  Laboratory 
SRI  International 
Menlo  Parle,  California  94025 


Rate  constants  kg  for  collisional  quenching  of  the 
A  £  state  of  the  OH  molecule  have  been  measured  in  the 
temperature  range  800-1500K.  The  OH  is  produced  and 
detected  in  a  laser  pyrolysis/ laser  fluorescence 
experiment,  in  which  a  mixture  of  SF6,  H202  and  the 
collision  partner  M  is  heated  by  a  pulsed  C02  laser. 

Thermal  decomposition  of  H202  produces  some  OH. 

Following  dye  laser  excitation  of  the  OH,  the  real-time 
decay  of  the  fluorescence  signal  is  measured. 

Measurements  were  made  for  a  variety  of  gases  M  found 
in  flames.  The  high  tengierature  values  of  kg  are 
generally  smaller  than  expected  for  a  cross  section 
Independent  of  temperature.  This  result,  the  size  of 
kq,  and  its  dependence  on  M  suggest  that  attractive 
forces  are  important  in  the  quenching  collisions,  and 
the  results  have  been  examined  with  the  objective  of 
extablishing  a  theoretical  foundation  for  describing 
the  variation  of  kq. 

MP  82-124 
10/20/82 

Western  States  Section  of  the 
Combustion  Institute  Fall 
Meeting,  Livermore,  CA 
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LASER  FLAME  DIAGNOSTICS 


D.  R.  Ceos ley ,  Molecular  Physics  Laboratory,  SRI  International,  Menlo  Park, 

California  94025 

The  Measurement  of  species  concentrations  and  temperatures  in  combustion  processes  is 
one  of  the  many  research  areas  in  which  the  use  of  laser  techniques  has  had  a  large 
impact.  In  flames  themselves,  laser  probes  offer  excellent  spatial  and  temporal 
resolution  and  are  highly  species  selective.  They  are  nonlntrusive  in  nature,  so  that 
neither  the  gas  flow  nor  chemistry  is  perturbed,  and  can  be  used  in  hostile 
environments. 

Several  methods  involving  the  absorption  of  tunable  radiation  can  be  used  to  measure 
with  high  sensitivity  the  transient  species,  often  free  radicals,  which  are  present  at 
low  concentration  in  flames.  These  molecules,  the  Intermediates  in  the  combusion 
chemical  networks,  provide  the  crucial  information  for  understanding  the  details  of 
that  chemistry.  The  most  prominent  of  these  techniques  is  laser-induced  fluorescence 
(LIF),  in  which  the  absorption  of  laser  radiation  elevates  the  molecule  to  an 
electronically  excited  state  which  then  emits.  About  25  atomic,  diatomic  and  trlatomlc 
free  radical  combustion  intermediates  have  been  detected  by  LIF  in  flames  and/or  flow 
systems.  Optoacoustic  detection  of  the  absorbed  laser  energy,  or  subsequent  laser 
ionization  from  the  electronically  excited  state,  form  alternative  means  of  detection 
of  the  selectively  absorbed  laser  radiation  in  special  cases  in  which  the  molecule  does 
not  fluoresce  efficiently.  The  number  of  detectable  species,  and  the  types  of 
combustion  processes  which  can  be  probed,  continues  to  grow  with  advances  in  laser 
techniques,  such  as  multiphoton  excitation  and  the  extension  of  usable  regimes  of 
wavelength  and  pulse  width. 

The  use  of  a  planar  sheet  of  radiation,  formed  with  a  cylindrical  lens,  permits  two- 
dimensional  images  of  the  OH  radical  concentatlon  throughout  a  flame  to  be  obtained  on 
a  single  laser  pulse;  this  is  in  contrast  to  the  customary  beam  configuration 
furnishing  single-point  measurements  and  it  can  be  very  useful  in  rapidly  time-varying 
systems  such  as  turbulent  flames.  Recently  this  method  has  been  extended  to  provide 
two  sequential  Images  100  psec  apart.  In  addition  to  detection  of  radicals  directly  in 
flames,  LIF  can  also  be  used  for  related  chemical  kinetics  studies,  for  example  in 
discharge  flow  tubes  and  in  a  laser  pyrolysls/LIF  measurement  of  rate  constants  for  the 
reaction  of  OH  with  various  hydrocarbons  in  the  800-I400K  temperature  range.  The 
present  and  likely  future  status  of  LIF  and  related  methods  for  the  measurement  of 
flame  radicals  will  be  discussed. 

Research  in  this  area  supported  by  Army  Research  Office,  National  Science  Foundation, 
Department  of  Energy,  Wright  Aeronautical  Laboratories  and  National  Aeronautics  and 
Space  Admlnstration. 
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RATE  CONSTANTS  FOR  USE  IN  MODELING 


D.  M.  Golden  and  C.  W.  Larson 
Department  of  Chemical  Kinetics 
SRI  International,  Menlo  Park,  CA  94025 


ABSTRACT 

The  current  status  of  quantitative  understanding  of  reaction  rate 

constant  data  for  use  in  combustion  mdellng  is  discussed.  It  is  pointed 

out  that  simple  bimoiecular  and  unimolecular  reactions  can  be  tabulated  as 

functions  of  various  physically  meaningful  parameters  over  wide  ranges  of 

temperature  and  pressure.  We  also  discuss  the  more  complicated  problems  of 

complex  surfaces  and  their  manifestations.  A  major  emphasis  is  on  the 

underlying  framework  for  critical  evaluation  of  rate  data. 

We  point  out  that  currently  used  values  for  2CHj  +  C2H5  +  H  are 

incorrect  and  that  the  temperature  dependence  of  the  branching  ratio 
^^NH  +  NO 

H  +  N-O"^^  can  be  understood  as  consequence  of  angular  momentum 

2  ^*0H  +  N2 
conservation. 


*This  work  was  supported  by  the  U.S.  Army  Research  Office,  Contract 
No.  DAAG29-80-K-0049. 
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LASER-INDUCED  'FLUORESCENCE  SPECTROSCOPY  OF  NCO  AND  NH, 
IN  ATMOSPHERIC  PRESSURE  FLAMES 


Richard  A.  Copeland,  David  R.  Crosley  and  Gregory  P.  Smith 
Chemical  Physics  Laboratory 
SRI  International 
Menlo  Park,  California  94025 

Laser-induced  fluorescence  (LIP)  is  a  powerful  method  for  the  sensitive 
detection  of  trace  species  in  flames,  so  as  to  gain  insight  into  the 
combustion  chemistry  mechanisms.  However,  LIF  has  been  applied  almost 
exclusively  to  diatomic  radicals  whereas  the  chemical  networks  contain  many 
species  of  larger  size  whose  presence  can  signal  definite  mechanistic  paths. 

Me  describe  here  a  comprehensive  survey  of  the  LIF  spectroscopy  of  the  NCO 
molecule  in  a  CH^/N^O  flame  and  the  NHj  molecule  in  NH^/N^O  and  NH^/C^  flames, 
all  burning  rich  at  atmospheric  pressure.  NCO  was  excited  in  the  B-X  and  A-X 
systems  in  the  ultraviolet  and  blue,  respectively;  the  latter  is  much  more 
Intense  and  can  be  more  easily  made  free  of  strong  interfering  transitions  due 
to  dlatomics.  NHj  was  excited  in  the  A-X  transition.  Excitation  and 
fluorescence  wavelengths  furthest  to  the  red  minimize  background  Interference 
due  to  underlying,  unidentified  absorption  features  and  flame  emission. 
Prescriptions  for  detecting  these  two  species  are  presented.  Including  a  table 
of  excitation  and  detection  wavelengths,  as  well  as  some  general  conclusions 
which  should  be  useful  in  extending  flame  LIF  detection  to  other  trlatomlc  and 
larger  radicals. 
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